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The main purpose of this work was to investigate propene partial oxidation at steady 
state and transient mode over an iron antimonate catalyst of SblFe=1.5: I and to 
formulate a transient kinetic simulation for the reaction. The literature review revealed 
that propene partial oxidation over FeSb04 on a cyclic fixed bed operation should be 
beneficial. The prepared FeSb04 catalyst contained the rutile FeSb04, <x-Sb20 4, ~­
Sb204 and Fe203 phases and had a surface area of 6.8m2/g with a mean pore size of 200 
A. 
The experiments were carried out in a fixed bed reactor at 375°C at a WHSV of 1.2hr"1 
using a 1 min sampling interval which allowed resolution of all time dependent 
behaviour. The cyclic experiments were carried out by switching propene in and out of 
the reactor. A single site mechanism along with a CSTR assumption was developed to 
qualitatively simulate steady state and cyclic behaviour. Experimental results show that 
the initial acrolein yield was always lower than that of COx' However, acrolein yield 
improved with time on stream to exceed that of COx' In all cases yields of all the 
products decreased with time on stream to reach steady state after 20 min. Cyclic 
experiments showed the same qualitative trends. However, long oxidation times were 
beneficial in re-oxidising the catalyst and thus producing a high yield of acrolein, as for 
the steady state operation, however, this increase was only marginal. 
The reactor model was qualitatively able to reproduce the trends observed in the 
experimental data. It was also shown qualitatively that many O2 layers of the lattice are 
involved in the oxidation of propene and that the oxidation of these layers was 
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CHAPTER 1 - INTRODUCTION 
1 INTRODUCTION 
Selective hydrocarbon oxidation reactions involve the insertion of oxygen into the 
hydrocarbon chain ir:. the presence of a catalyst. These reactions take place mainly on 






























Figure 1.1 Production of major organic chemicals in the United States In 1991 
[Oyama et al.1993] 
The oxidation catalyst promotes the reactivity of oxygen, such that reactions can take 
place under mild, easily controlled conditions. Above all, the catalyst introduces 
selectivity and reduces the amount of carbon dioxide formed. It is easy to lose control 
of the oxidation process so that the carbon dioxide and water are the only significant 
products formed. The free energy and the enthalpy for total oxidation are favourably 
large such that the balance between a selective oxidation process and more complete 
oxidative degradation is controlled by kinetics . Catalytic oxidation reactions are carried 
out in the homogeneous liquid phase, the heterogeneous liquid phase and the 
heterogeneous gas phase reaction. 
Oxidation reactions can be classified into four types. 
(i) The introdl..ction of oxygen as a functional group. 
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(ii) The oxidative removal of hydrogen. 
CHt=CH-CH2 -CH3 + O2 ~ CH2=CH-CH2=CH3 + H20 1.2 
(iii) Fonnation of nit riles through oxidative coupling with ammonia. 
CH2-CHCH2 + NH3 + 1.5 O2 ~ CH2 CH-CHN +3 H20 1.3 
(iv) Complex oxidation to carbon dioxide/monoxide and water as the major or 
only products. 
In the partial oxidation of hydrocarbons it becomes desirable to substitute olefins with 
paraffin as a raw material because of their low price e.g. production of maleic 
anhydride from oxidation of n-butane over vanadium-phosphate-oxide (VPO», and 
the production of aldehydes, alcohols and ketones. However, South Africa produces 
large amounts of olefins from syngas by the Fischer-Tropsch process [Schnobel et al 
1997]. These a-olefins are either sold as chemicals or converted into gasoline and 
dieseL The process would become more profitable if the a-olefins were converted into 
higher value chemicals. Partial oxidation of a-olefins is one route to produce these 
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2 LITERATURE REVIEW 
2.1 INDUSTRIAL PRODUCTION OF ACROLEIN. 
Deggussa developed the first industrial acrolein synthesis in the early 1930's, and began pro-
duction in 1942. In 1991, the capacity for acrolein manufacture world-wide was about 128000 
tonnes per year 54000,23000, and 11000 tonnes per year were produced in Western Europe, 
United States of America, and Japan, respectively. The classical process was based on the con-
densation of acetaldehyde with formaldehyde [Weissermel et al. 1997]. 
CH3CHO + HCHO ~ H2C = CH-CHO + H20 LlliR (298K) -84 kllmol (2.1) 
Reaction 2.1 occurs at 300-320°C in the gas phase over silica. Currently the production of acro-
lein is obtained by the catalytic oxidation of propene (Reaction 2.2). 
CH2CHCH2 + O2 ~ H2CCH-CHO + H20 L'lHR (298K) -368 kJ/mol (2.2) 
Shell was the first company to practice this gas phase oxidation in a commercial unit 
(1958-1980). The reaction was carried out at 350 - 400°C over CU20/SiC with h as the pro-
moter. The unit operates at 20% conversion and 70- 85% selectivity to acrolein. 
[Weissermel et al.1997]. 
In 1957 Standard Oil of Ohio discovered the bismuthmolybdate and phosphomolybdate cata-
lysts which enable the company to produce high yields of acrolein at high propene conversions 
(>90%) and pressures close to atmospheric conditions [Callahan et al. 1990]. Many key im-
provements and enhancements to the bismuth molybdate based propylene oxidation catalysts 
have occurred over the past thirty years. Other catalysts have also received attention, these in-
clude tin-antimony oxide, uranium-antimony oxide and iron antimony oxide [Aso et al 1980]. 
The iron antimony oxide catalyst is a preferred industrial catalyst for the manufacture of acro-










CHAPTER 2 - LITERATURE REVIEW 4 
2.2 REACTOR TECHNOLOGY FOR PRODUCTION OF ACROLEIN 
2.2.1 Industrial steady state reactors. 
Propene is oxidised to acrolein in the presence of steam and air at 330-370°C and 1- 2 bar. The 
reaction is exothermic and is conducted in a fixed bed reactor with up to 22000 tube per reactor. 
Sohio in 1959 - 1960 used a supported bismuth phospho-molybdate catalyst in a fluidised bed 
operated at 425°C. The feed stream was propylene/air/steam at a WHSV of 3 sec· t • A conver-
sion of 57% was measured at acrolein selectivity of 72%. Thus the advantage of this catalyst 
was that the reaction could be run at high single pass yields. Now the catalyst performance has 
been improved over the years and the present-day bismuth molybdate catalysts are very complex 
and are suitable for fixed-bed or fluidised bed applications. The latter is preferred for large ca-
pacity installations. The catalyst lifetime can be as long as three years. 
The industrial Sohio process uses approximately stoichiometric feeds of propene and ammonia 
and a slight excess of air and water in a fluidised reactor operated at 450°C and 1.5 bar to pro-
duce acrolein and acrylonitrile. During partial oxidation of propene a lot of heat is released and 
is removed from the reactor by heat exchangers i.e. perpendicularly arranged coiled pipes 
through which the water is circulated are used to generate steam. BP (Distillers) oxidise propene 
in the presence of Set CuO catalyst to acrolein and convert this to acrylonitrile in a second stage 
by the addition of NH3 and air over Mo03 fixed-bed catalyst. An acrolein selectivity of about 
90% is obtained on this process. 
In the Montedison process, propene is oxidised in a fluidised bed reactor at 420°C over a cata-
lyst consisting of Te, Ce and Mo-oxide on Si02• The acrolein yield attained was 80% at a pro-
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2.2.2 Conceptual industrial transient reactors. 
This section describes a forced unsteady-state operation technique as employed for continuous 
processes, which represent the majority of heterogeneous catalysis applications. The catalyst life 
in these processes often lasts several years. Traditional operation is steady state, and automatic 
control systems are needed to eliminate any fluctuations in performance parameters. 
The main goal of a traditional design is to obtain the optimal steady-state conditions, which pro-
vide maximum use of catalyst properties as constrained by the process economy. The reactor at 
optimal steady-state conditions does not determine a potential limit for a heterogeneous catalytic 
system. This performance can be improved further by using forced unsteady-state operation. 
Various schemes of reactor operation under forced unsteady state conditions are shown in figure 
2.1and 2.2. 
An unsteady-state in a fixed bed reactor can be created by oscillations in the inlet composition 
or temperature. A stepwise periodic control is preferred as compared to other types of inlet pa-
rameter forcing (e.g. sine wave) due to its simplicity to be performed and can affect the system 















A amplitude tc= time of cycle S split of inlet signal 
Figure 2.1 (a) Step-wise of inlet parameters change. (b) Fixed-bed reactor operated at peri-
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A most widely used applied technique in a fixed bed reactor is a periodical flow reversal (Figure 
2.2(a)), four switching valves are used to provide control for the operation. In a rotatory reactor 
(Figure 2.2(b» with plate type catalyst, the catalyst bed position is continuously changed rela-
tive to the stationary direction of flow, thereby achieving an effect similar to a flow reversal re-
actor. Reactor (a) and (b) provide for a continuous migration of temperature or adsorption zone 
along the catalyst bed. The direction of this zone is changed periodically. Figure2.2{c) provides 
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Schemes of fixed bed reactors operated under forced unsteady-state conditions: 
(a) Reverse flow reactor; (b) Rotary reactor; (c) Reactor system with 
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Lewis et al. [1949] proposed a system of two fluidised beds and a catalyst transfer via a pneu-












Conceptual system for composition forcing of partial oxidation reactions using 
fluidised beds with catalyst transfer between the beds [Lewis et al. 1949]. 
On one of the beds the hydrocarbon is selectively oxidised while the catalyst is reduced. The 
second bed is fluidised with air/02 and re-oxidises the catalyst. Increased hydrocarbon concen-
trations are possible, hence the formation of hot spots leading to temperature runaways is mini-
mised. Furthermore, the catalyst oxidation and reduction steps are carried out at different tem-
peratures to minimise contact times, because each step occurs in a different reactor. The amount 
of heat released is lower than when carried out on a single reactor system. Using the technique 
described above Du Pont Company commissioned a two bed circulating catalyst scheme, for 
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Figure 2.4 Reactors with fluidised bed for partial oxidation process: Du Pont system for 
maleic anhydride production combining riser, fluidise bed regenerator, and strip-
per;(b) fluidised-bed reactor with internal catalyst circulation. 
[Contractor et al. 1997] 
Chang et aL [1999] Investigated superiority of reverse-flow catalytic oxidation reactor against a 
conventional single pass fixed bed reactor for the combustion of volatile organic compounds in 
gaseous industrial effluents. The investigation was carried out by allowing a step input of tem-
perature into the system as shown in Figure 2.5. Auto-thermal operation, through periodic rever-
sal of flow direction in the reactor, traps the heat of reaction within the catalyst bed and the in-
sulated regenerator regions present on either side of the reactor, removing the need for preheat-
ing and maintaining the entire bed in an ignited state. 
Reverse flow reactor operation can be thermally unstable at longer periods of time and can lead 
to concentrated energy accumulation within very localised hot spots in the bed. Figure 2.5 de-
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Responses of three types of reactor designs to a step-in temperature feed. Under 
these conditions the single pass catalytic reactor extinguishes, the reverse-flow 
reactor exhibits thermal runaway, and the high dispersion reactor remains stable. 
[Chang et al. 1999] 
Pak et al. [1986] designed a multi-tubular circulating solid fluidised bed reactor, figure.2.6, in 













Multi-tubular reactor proposed for partial oxidation under periodic operation. 
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On the design the hydrocarbon feed carries the catalyst upward in one group of tubes and it de-
scends in airflow in the second group of tubes into a fluidised bed of air, where the catalyst is 
deoxidised. The design offers the advantage of a single vessel but at the expense of downstream 
separation steps, because the oxidant streams mix in the reactor effluent. It is also disadvanta-
geous that there is a high possibility of a detonation zone. 
2.3 COMMERCIAL APPLICATION OF ACROLEIN 
Acrolein has several reactive sites, the aldehyde group, the olefinic double bond and the conju-
gated double bond system, and thus a number of reactions are possible. For example, the reduc-
tion of acrolein to ally alcohol and its further conversion to glycol is a commercial process. The 
formation of Pyridine and 3-picoline are from acrolein reacting with ammonia over multicom-
ponent catalysts Ah03 or Alz03.Si02• Acrolein is used for the manufacturing of methionine, 
the essential amino acid used for supplementing the protein concentrate in animal feed, in par-
ticular for feed optimisation in poultry breeding. Acrolein is an important building block in the 
pharmaceutical industry. It is also used in the manufacture of a new polyester, poly (trimethyl-
ene terephthalate). 
2.3.1 Acrylic acid production 
lapan, USA, England and France, developed a two step process for the production of acrylic 
acid and ester derivatives. Propene is oxidised to acrolein in the presence of steam and oxygen 
and the products are further processed to acrylic acid. In the last few years acrylic acid and ester 
derivatives have been ranked first in growth among the unsaturated organic acids and esters. The 
world production in 1994 was estimated to be 2 x 106 tonnes per year. The largest producer is 
BASF in Germany. In a single step, propene is directly oxidised with air or oxygen (sometimes 
with steam) at lObar and 200- 250°C, depending on the catalyst employed. Acrolein and acrylic 
acid are formed together [Wesseirmel et a1. 1997]. 
-+ HzCCHCHO + H20 (~H -368 kllmol) (2.3) 
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Acrylic acid and its ester derivatives are used mainly for the manufacturing of paints, adhesives, 
paper and textile finishing, super-absorbent and in leather finishing. The flowsheet below shows 




Typical process flowsheet for acrolein and acrylic acid manufacture. 
[Dever et a1. 1995] 
The aqueous acrylic acid and acrolein are condensed from the reactor effluent and adsorbed in 
the water-based stream, to separate propene, nitrogen, oxygen and carbon dioxide. Distillation 
is used for the separation of water and acetaldehyde from crude acrylic acid and acrolein is re-
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2.4 THERMODYNAMIC ANALYSIS 
The Table 2.1 below shows the standard Gibbs Free Energy for the compounds that might be 
formed during propene oxidation at typical reaction conditions (350°C - 400°C and 1 bar). 
Table 2.1 Standard Gibbs Free Energy for possible reactions during partial oxidation of 
propene. [Schnobel et a1. 1997] 
Reactions tlGu R (kJ/mol) 
327uC 427°C 527°C 
C3H6 + O2 ~ C3H40(Acrolein) + H2O -399 -418 -439 
C3H6 + 3/202 ~ C3H402 (Acrylic acid)+ H2O -557 -550 -543 
C3H6 + 02 ~ C3H4 (Allene) + H2O -109 -117 -124 
C3H6 + 4.5 O2 ~ 3C02 +3 H2O -1938 -1942 -1944 
C3H6 + 3 O2 ~ 3CO +3 H2O -1248 -1277 -1305 
C3H40 + 7/2 02 ~ 3C02 +2 H2O -1539 -1524 -1505 
Total oxidation products are thermodynamically more favoured than the formation of any other 
compounds. The formation of total oxidation products from acrolein is also thermodynamically 
favoured. Double bond isomerisation (allene) reaction is the least thermodynamically favoured 
reaction, hence only trace amounts are expected to be formed. 
According to the thermodynamic analysis, temperature rise favours the formation of most of the 
compounds listed, including acrolein. Since the Gibbs free energy for the CO2 formation in-
creases negatively as the temperature increases implies, the reaction is favoured at higher reac-
tion temperatures. 
2.5 CATALYSTS FOR PARTIAL OXIDATION. 
Mixed metal oxides, such as Bi- Mo-Sn -Sb have been found to be an efficient catalyst for the 
selective oxidation of propene to acrolein. A number of different mono, bi and multicomponent 
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for phenol oxidation) and heteropolyoxometallates (H4PMOl l V040) for isobutene oxidation to 
methacrolein) may also be used. In the following section iron antimony oxide will be discussed. 
The Bismuth molybdate will also be discussed briefly due to its commercial importance. 
2.5.1 Iron antimony oxide catalyst. 
2.5.1.(i) Prepared by precipitation method. 
The catalyst can be prepared by an impregnation method as described by (Ellen et a1. 1996]. In 
this method Fe(N03h. H20 is heated to 60°C to form iron nitrate and its water of crystallisation. 
Sb20 4 in powder form was added and the temperature raised to 80°C. The pH was adjusted to 3 
using aqueous ammonia. The solid was then dried for 16h at 120°C and calcined in air for 7hrs 
at 900°C. [Carbucicchio et a1. 1985] employed FeCi).6H20 and SbCIs with the latter as being 
the antimony source and former the Fe source. 
2.5.1.(ii) Structure of iron antimony oxide catalyst. 
The antimony oxide and iron antimonates were investigated by [Vitaliano et al. 1955]. They 
suggested the chemical formula to be FeSb04 rather than Fe3Sb)012 Fe2Sb207 or Fe2Sb20 g• 
FeSb04 has a tetragonal, rutile-type structure, Figure2.8 having XRD characteristic peaks at 
27.1°,35.6°, and 53.2°. 
Figure 2.8 
t.63 A 
e Iron or Antimony ~ Oxygen 
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Table 2.2 Lattice parameters determined using different techniques. 
I Experimental alA b/A I References 
I I Technique 
I X-ray diffraction 4.6388 3.0773 I Amador and Rusines [1981] 
I 
X-ray diffraction 4.633 3.072 I Burriesci et al [1982] 
I Neautron diffraction ·4.6365 3.0742 I Teller et at [1985] 
i 
X-ray diffraction techniques [Amador and Rasines, 1981] and neutron diffraction techniques 
[Teller et aL 1985J indicated that the Sb and Fe ions are randomly distributed in the octahedral 
sites within the oxygen lattice. However [Beny et al. 1987J, proposed that FeSb04 has a trirutile 
structure consisting of three tetragonal cells stacked along the c-axis, resulting in lattice pa-
rameters a=b=4.63A and c=9.21A. The authors claimed that they were able to detect superlat-
tices reflections that were not possible using conventional X-ray and neutron diffraction tech-
niques as used by the other authors. It should be noted also that these superlattice were detected 
on the samples calcined in air and not on samples calcined under vacuum conditions as sug-
gested by other authors [Ellen and Bowker, 1996] using X-ray diffraction. 
4.63 A 
I 
9.21 A I .1 
~ .- I 
~ 
i I ToO-; II 
T~ ~~ . 
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Influence of calcination temperatures on the phase and structure of iron an-
timony oxide catalyst. 
Carbucicchio et al. [1985] studied the influence of calcination temperature for iron antimonate 
containing ratio SblFe = 1: 1 and SblFe = 2: 1 synthesised by the method described by Ellen et 
al. [1985J. Figure 2.10 below shows that increasing the calcination temperature to 900°C causes 
a decreased in the linewidth because of sintering. 
a) SbFe :2 
60 50 









- .--~ _ ................ -----350600 
.. b JO 2b 29 • 
Figure 2.10 X-ray diffraction patterns of SblFe=I:1 and SblFe=2:1 as a function of calcina-
tion temperature. [Carbucicchio et al. 1985] 
For Sb/Fe=l: 1 and SblFe=2: 1 samples only P-Sb20 4 and FeSb04 phases were detected. The 
authors also noted that the cell volumes of the unit cell for SblFe= 1: 1 and Sb/Fe=2: 1 were larger 
than the unit cell of FeSb04 for calcination temperatures of 8000e and 900°C. It was concluded 
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Teller et a1. [1985] observed from neutron diffraction data that calcination temperature had no 
effect on the cell volume of rutile FeSb04 based. This was also supported by van [Steen et aL 
1997] using X-ray diffraction experiments. 
Burriesci et a1. [1982] using X-ray powder diffraction investigated the phase composition of the 
iron antimony oxide catalyst (SblFe=l: 1 and SblFe=l :2) prepared from iron nitrate with Sb20) 
as a function of calcination temperature, 
FeSbOl. 
t2///t:./ Z (////,/] 
( I 
L' t. I' ,/ / ," ( / (,' ...... ' / / ,', 1 
k / " , ;. ( " / Zt " / I " / 2 -- ,. /,' ,', ',' " " 7j 
--"--"""""1 -'---r---,.j--,,----T---,---,I -~--I,---
l.00 600 800 1000 1200 
TIK 
Figure 2.11 Occurrence of different phases as a function of calcination temperature for 
Sb/Fe=1:1 (dashed bars) and SblFe=1:2 (empty bars) [Burriesci et al 1982] 
These results can be compared to those of Carbucicchio et a1. [1985], the main differences are 
the presence of Sb203 and a-FeZ03 for calcination temperature up to 500°C and 850°C respec-
tively. 
2.5.1.(iv) Influence of Sb-enrichment on catalytic properties 
There is a general agreement in the literature that the rutile-based catalyst has to be prepared 
with an excess of antimony oxide to obtain a catalyst, which is both selective and active. The 
role of excess antimony has been a subject of many investigations and the hypothesis of the ac-
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structure (ii) an oriented film or crystals of Sb20 4 grown on the surface of the rutile phase (iii) 
surface modification and Sb(v)=O surface sites and (iv) phase interface effects 
Aso et al. [1980J studied the influence of the antimony content in iron antimonate in the cata-
lytic oxidation of propene. The antimony content was varied from 0% (pure Fe203) and 100% 
(pure Sb20 .. ). Figure 2.12 depicts that F e203 favoured the fonnation of deep oxidation products 
while pure Sb204 favoured high selectivities of acrolein and 1,5 hexadiene at low reaction rates. 
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Figure 2.12 Rate of formation and selectivity for the fonnation of acrolein as a function of 
antimony content [Aso et al. 1980]. 
Figure 2.12 shows that at an antimony content of 50% (FeSb04) selectivity to acrolein increased 
sharply, while the rate of formation of acrolein goes through a maximum at an antimony content 
ca. 60%. The explanation of the dependency of the catalytic selectivity on the antimony content 
IS not well understood, but various postulates have been brought forward. 
Fattore et al. [1975b] suggested that the increase in the catalytic selectivity as a result of an in-
crease in the antimony content is due to phase co-operation between the FeSbO .. and Sb20 ... 
This involves: 
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(b) The formation of highly selective islands on top of the FeSb04 particles 
(c) The inhibition of the formation of free FeZ03 and suppression of tot a! oxidation. 
Sala and Trifiro [1976] proposed that the formation ofFeSb06 or Fe2Sbz07 is responsible for the 
increased selectivity of the catalyst and the active oxidation site is related somehow to Sbs+ ion. 
The role of iron is to cata!yse the re-oxidation of the antimony ions, which are reduced during 
the reaction with the olefin. It is also responsible for the activation of gaseous oxygen, a prop-
erty that is lacking in Sb204 where Sb5-!- is present. The infrared spectra led to the identification 
of the two Sbs", =0 groups SbZ0 4 and SbzO). They are presented by two connected Sb5+ions amI 
can play an important role in the hydrogen allylic abstraction from olefins. The second Sb5-!-=0 
group makes a second hydrogen abstraction possible, without movement of the hydrogen mole-
cule on the catalyst surface. 
Allen and Bowker [1995] investigated the properties ofFeSb04 (Sb/Fe=l) using X-ray photo-
electron spectroscopy, temperature programmed desorption (TPD) and Transmission Electron 
microscopy. The authors found that Sb (0) was present after reducing the fresh catalyst with 4 to 
10 Torr of ammonia at 550K for 20min. A structure which was proposed consists ofSb enriched 
skin. After reduction it was coated with Sb metal, which after thermal desorption leaves an iron 
oxide rich skin. The nature of this skin is crucial for the selectivity in propene oxidation. 






• PartIcle ancr 
Sb loss 
Figure 2.13 Schematic diagram of the structure of FeSb04 catalysts after different treatments 
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2.5.2 Bismuth - molybdate catalyst 
The Bishmuth molybdate catalyst comes in three catalytic active phases: 
a-Bi2 (M004)3 , p-Biz Moz 09 ,y-Biz M006 . It has been reported that these phases possess en-
hanced stability relative to the binary oxides. The pulse reduction studies revealed the impor-
tance of cat~lyst structure on the redox processes in Bismuth Molybdate catalyst. Among the 
above phases the selectivity decreases according to the following order, p-Bi2 M0209 > a-Biz 
(M004)J > y-Biz M006. The p-Bi2 Moz 09 has the surface structure and active-site configura-
tion that is best suited for selective ammoxidation. Partial reduction under reaction conditions 
can improve the selectivity, but complete depletion of active oxygen from the lattice will result 
on the catalyst deactivation. The kinetics of the reoxidation of the catalyst can be influenced by 
the solid state properties of the catalyst depending on the location of the oxygen vacancies. At 
all degrees of initial reduction studied, the rates of reoxidation decrease as follows: y-Biz M006 
>p-Bh MOZ09 > a-Biz(Mo04)3. Oyama et al [1996] reported that the reoxidation for y-Bh M006 
and a-Bi2 (M004)3 occurs both at the surface and in bulk of the catalysts. 
The p-Bi:: M0209 is the most active and selective because it possesses a stoichiometry which 
maximises the bismuth-molybdenum pair. The presence of the layers provides low energy path-
ways for the diffusion of oxygen vacancies, which makes the reoxidation of the catalyst proceed 
with the activation energy of only 8-9-kcal/mol. 
2.5.3 Surface oxygen species in partial oxidation catalysts. 
It is assumed that the oxidising agent is 0 2- from the lattice, which is abstracted by a reducing 
agent as electrons are donated to a lattice cation. Reoxidation by 02 is usually assumed to lead 
to a formation of 0 2- in the lattice gain: 
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The reaction is assumed to take place with the simultaneous transfer of four electrons. It might 
be expected that a stepwise donation of electrons take place. Figure 2.15 shows the enthalpy 
data for the formation of mono- and dioxygen species in the gas phase. 
~H (kJ/mol) 
02 + * +2 e' ~ 02 2, 646.4 
02' + e - 022, 688.9 ~ 
0'+ e 
. 0 2 . 752.7 ~ 
Figure 2.15 Enthalpy data for the formation of mono and dioxygen species [Chen et al. 1983]. 
The superoxide ion was found to be the stable ion in the gas phase and it is formed according to 
the above reactions shown in Figure 2.15. These negative ion species might be stabilised by the 
Madelung potential in the bulk of solid oxides or as adsorbed species [Haber and BielanskiJ. 
The following scheme was suggested for the oxygen incorporation in the oxide layer: 
O(ads) 
---+- 0 2· 2 (ads) 
• 0 2• (lattice) 
t 
Figure 2.16 Oxygen incorporation in the oxide layer [Oyama et al. 1996] 
Chen et al. [1983] stated that the transformation 0[02' (ads) (oxygen species is responsible for the 
formation of partial oxidation products) to 0 '(ads) (oxygen species responsible for the formation 
of total oxidation products) is energetically favoured than via O/(adS), as shown by the enthalpy 
values presented by the reactions shown in Figure 2.15 
Haber et at. [1996] suggested that nucleophilic oxygen e.g. 0
2
• is responsib!e for the selectivity 
of partial oxidation products and electrophilic oxygen [e.g. 02' and O:t] for the total oxidation 
products. These oxygen species are formed as intermediates during catalyst reoxidation process. 
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of catalyst prepared with SblFe ~ 1. Fewer electrophilic oxygen are fanned, implying higher 
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Figure 2.17 Formation of electrophilic oxygen species at the oxide surface [Haber et al. 
1996]. 
2.6 OXIDATION REACTION MECHANISM 
2.6.1 Redox mechanism 
Mars and van Krevelen [1954] derived the rates for the reduction and re-oxidation of the catalyst 
for partial oxidation of aromatics over vanadium oxide catalysts. Figure 2.18 shows a scheme 
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Figure 2.18 shows that the role of the gaseous oxygen is to maintain the oxidation state of the 
catalyst. The catalyst has two different sites, the active cationic site, which oxidises the hydro-
carbon, and another site for the reduction of gaseous oxygen. Thus it can be concluded that the 
reaction takes place in two steps: 
(i) the reaction between the hydrocarbon and the oxide in which the hydrocarbon is oxidised 
and the oxide is reduced. 
(ii) the reaction of the reduced oxide with 02 to give back its initial state. 
2.6.2 Reaction mechanism over iron antimonate catalyst. 
The species that is directly responsible for the oxidation is assumed to be the 0 2- ion on the sur-
face 0 f the oxide catalyst, and the reaction is therefore an example of the non-insertion type. The 
formation of partial and total oxidation products is independent of the presence of oxygen in the 
feed and is the evidence of the incorporation oflattice oxygen (02") [Aso et aL 1980] and 
[Fattore et al. 1975b] 
Catalyst-I 
o 
II o - .. 
III ! ~AoloA"""';-.l._A_4_t. __ 1I 
a:: 0 L-.---i,_---i'_---i'~_~_'___....! 
o 100 200 300 














Figure2.19 Rate of formation of oxidised products in the absence of gas-phase oxygen over 
iron antimony catalysts as a function of the amount of catalyst oxygen consumed. 
[Aso et al 1980] 
Figure 2.19(a) and (b) indicate that the lattice oxygen is involved in the oxidation process. Fe20J 
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producing selectively 1,5 hexadiene and acrolein at nearly constant rates over the reduction pe-
riod. In contrast to SblFe=l: 1 and SblFe =2: I, the rate of reduction is observed to decline 
sharply after an initial period of high activity. This was also confirmed by van Steen et a1. 
[1997] using a catalyst with SblFe between 0.25:1 and 2:1. It was suggested that the high initial 
activity period is due to the removal of the surface monolayer, and the period of stationery oxy-
gen consumption is due to the reduction into the bulk of the catalyst [Allen et a1. 1986]. It was 
also suggested that the surface oxygen is more reactive than the bulk oxygen because of the dif-
fusion of oxygen from the bulk to the surface of the catalyst. 
2.6.2. (i) Active sites for propene oxidation. 
Carbucchicio et a1. [1985] and Sala and Trifiro [1976] using infra-red spectroscopy detected the 
presence of O=Sb=O groups at the surface of iron antimony catalyst which play an important 
role in the allylic oxidation of propene and also the formation of acrolein. Burrington et a1. 
[1984] proposed the existence of bridging oxygen species, which connect two Sb5+ and two Sb3+ 
cations. The Sb5+ is thought to be responsible for propene adsorption and oxygen insertion into 
the allylic intermediate. The Sb3+ is thought to be responsible for the initial abstraction of (X-
hydrogen. 
/ 
Figure 2.20 Proposed reaction mechanism of propene oxidation over antimony catalysts 
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The proposed mechanism presented in Figure 2.20 is consistent with that of Teller et al. [1985], 
who proposed that the Sb3+ sites are responsible for the formation of allylic intermediate, while 
Sb5+ sites are associated with the insertion of oxygen to form acrolein. In the process Sb5+ions 
are reduced to Sb3+ ions. The catalyst reoxidation was postulated to proceed via the redox cou-
ple (Fe3++ e-~ Fe). The mechanistic scheme as proposed by Teller et al [1985J is shown in Fig-
ure 2.21. 
...... 0 ...... 
Sb ,* Sb" 
CII,- Cil = CII; • CII,-CH-Clt , (all)'1 fonn:lIion) 
Sbl' + ~Fe)· ---I>, 2Ft1• + SbS.j 
I catalyst ~o:ddation} 
~Fez. + 0 1 fg}----+ .:!Fe
J • + ~O(1) 
Figure 2.21 Propene oxidation mechanism over iron antimony oxide as proposed by 
Teller et al [1985] 
2.6.2. (ii) Formation of total oxidation products. 
Davydov et al [1978] investigated propene adsorption over various metal oxide catalysts using 
infrared spectroscopy and thermal-desorption techniques. They noted that adsorbed propene had 
weakly and reversibly bound forms and strongly and irreversibly bound forms. The propene, 
which was weakly bound, gave rise to pi and sigma allylic complexes respectively, leading to 
the fonnation of partial oxidation products. While the strongly bound fonns gave rise to carbon-
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Figure 2.22 Formation of total oxidation products [Davydov et a1. 1978] 
2.6.3 Reaction mechanism over Bismuth molydate catalyst. 
25 
Bettahar et al [1996] claimed that propene oxidation over bismuth molybdate occurs via nucleo-
philic addition of oxygen to the allylic species which results in the formation of a a-bond be-
tween the allyl, initially n-bonded to the metal cation, and the lattice oxygen, situated at the sur-
face of the catalyst. This adsorbed complex must now get rid of one hydrogen atom linked to the 
carbon atom of the C=O group, before it can be adsorbed in the form of acrolein. The second 
abstraction of hydrogen proceeds and is followed by the addition of oxygen, then desorption of 
acrolein and formation of an oxygen vacancy at the catalyst surface. 
Adams and Jennings [1964] investigated the mechanism of propene oxidation over bismuth 
molybdate catalysts and found that the abstraction of hydrogen takes place prior to the insertion 
of oxygen. Their results were confirmed by Monnier and Keulks [1981] using two deuterated 
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difference in the mechanism of acrolein fonnation over iron antimony oxide and bismuth mo-
lybdate is the order of hydrogen abstraction. For iron antimonate the hydrogen abstraction oc-
curs after the oxygen insertion and vice versa for bismuth molybdate. 
2.6.4 Reaction kinetic models. 
Mars and Van Krevelen [1954] suggested a redox kinetic model for the steady-state reduction of 
the catalyst by the hydrocarbon feed. The rate of reduction and rate of oxidation can be ex-
pressed as follows: 
(2.4) 
(2.5) 
where Sox is the fraction of the oxidised active sites of the catalyst. At steady state the rate of 
oxidation equals the rate of reduction. Then the olefin consumption can be written as: 
k x pnn xk x Dm _ r = red olefin ox r O2 
olefin P k pn k pm 
X red. X olefin + ox O2 
(2.6) 
where P is the stoichiometric number depending on the type of product fonned. 
van Steen et al [1997) investigated the kinetics of selective partial oxidation of C3 to C6 a-
olefins over an iron antimony oxide catalyst. Two different mechanisms were considered, single 
site mechanism and oxidative mechanism. On the single site mechanism it is assumed that all 
catalytic sites are energetically equal and can be occupied by either olefin or oxygen. It is also 
assumed that the adsorption of an olefin and oxygen are at equilibrium and the rate determining 
step is the reaction between adsorbed olefin and an adjacent oxygen species. The following re-
action mechanism was derived: 
Olefin + * <H- Olefin * 
O2 +* <H- 20* 
Olefin * +0* <H- ..... (products)( rds) 
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In the oxidation mechanism, the surface is thought to consist of only antimony and oxygen spe-
cies as proposed by Burrington et al. [1984]. To incorporate the involvement of Sb {5+)=O groups 
[Carbucicchio et aL 1985J, the proposed mechanism is summarised below: 
step1: Sb+02 ~ SbOO 
step2: SbOO+*,a ~ Sb = o+o··a 
step3: Sb = O+*,a ~ Sb+ o··a 
step4: SbOO+olefin ~ Sb-O-O-olefin 
stepS: Sb - 0 - 0 - olefin + "',a ~ combustion/ cracking 
step6 : Sb = 0 + olefin ~ Sb - 0 - olefin 
step7 : Sb - 0 olefin + o··a ~ partial- oxidation/ dehydrogenation 
step8 : Sb - 0 - olefin + O··a ~ double - isomerers 
step9 : Sb + olefin ~ Sb olefin 
step} 0: Sb - olefin + o··a ~ combustion/ cracking 
stepll : Sb - olefin + o··a ~ double - bond.isomers 
Figure 2.24 Oxidation of ole fins according to the oxidation model [Schnobel et al. 1997]. 
O*·a and * ,a are the oxygen species and vacancies in the bridging positions in the crystallite sur-
face respectively. 
Antimony at the surface can adsorb molecular oxygen yielding a peroxo complex, which de-
composes yielding oxygen in the bridging position and a Sb=O species. The adsorption of an 
olefin onto the peroxo group results in its decomposition. The co-ordination of the olefin to 
Sb=O results in the formation of partial oxidation products. The following assumptions were 
imposed: 
(i) The transformation ofSb=O to Sb was not favoured. 
(ii) The rate constant for the olefin adsorption into the peroxo complex was smaller than that 
for the subsequent decomposition i.e. step four of the rate determining step. 
Formation of partial oxidation, oxydehydrogenated, cracking and combustion products are ex-
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(2.7) 
+bi ) - r - ---...:.---~----
Crack+Combustion - (1 P P 
+ C1 olefin + C2 02 + ) 
(2.8) 
2.6.5 The power - law rate model. 
Keulks et al [1980b] and Aso et al [1979J have shown that partial reaction orders were changing 
with temperature, suggesting that the overall kinetics are a composite of the re-oxidation and 
reduction kinetics. Table 2.3 shows the reported activation energies of acrolein and carbon di-
oxide formation and were observed to differ by 1 kJ/mol at T=375°C. The small difference be-
tween the activation energy of acrolein and that of carbon dioxide was attributed to presence of 
high antimony content on the surface ofthe catalyst thus suppressing the formation of carbon di-
oxide. Table 2.3 also suggests that the kinetic parameters for the reduction of iron antimonate 
catalyst are controlled primarily by catalyst reduction at high temperatures and are re-oxidation 
limited at lower temperatures. This was later confirmed by van Steen et al [1997] for 
Sb/Fe=1.5: 1 on Table 2.4. 
Table 2.3 Overview of the kinetics parameters obtained using the power- law rate model 
r - k x pm Xpn 
reduction - red olefin O2 
Acrolein CO2 
Catalyst E.(kJ/mol) E.(kJ/mol) roc References Formation. Formation 
FeSb04 Acrolein CO2 
N m n M 
350 0.5 0.4 0.4 0.6 
82.1 81.6 375 0.5 0.3 0.6 0.7 Keulks et.al [1986J 
(Sb/Fe;4) 
450 0.8 0.3 0.7 0.7 
Sb/Fe-2 - - 400 0.12 0.89 
Sb/Fe=1 400 0.23 0.8 0.21 . 0.65 
Aso et al [1980] 
van Steen et al 
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Table 2.4 Rate constants for the rate of consumption of propene [Schnobel et a1. 1997]. 
k xpnn xk x nm _ r = red olefin ox.r O2 
olefin j3 k pn k pm 
X red. X olefin + ox O2 
I Feed Treaction kreduction koxidalioo 
mololefinl mol O2' (OC) 
kgcat .s.Pa kgca,·s.Pa 
350 1.21 x 10.4 1.76x 1 0.4 
Propene 375 2.43x 10.4 2.60xlO·4 
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2.7 INFLUENCE OF REACTION PARAMETERS ON PROPENE PARTIAL OXI-
DATION OVER IRON ANTIMONY OXIDE UNDER STEADY-STATE CONDI-
TIONS. 
2.7.1 Influence of temperature. 
All oxidation processes are highly exothermic. The temperature profile along the bed length 
achieves a well-pronounced maximum, the region of high temperature is known as the hot spot 
as shown by figure 2.25. If the temperature in the hot spot rises above a critical value total oxi-
dation occurs. If there is inefficient heat removal in the reactor the reaction "runs away." 
Marengo et a1 [1997] investigated transient thermal effects during catalytic oxidation of propane 
in a packed bed reactor, using Rh on y-alumina catalyst. Figure 2.25 shows the temperature pro-
files during ignition of the C3Hg-02 reaction over 3% RbI Ah03 and a reaction front forming 
near the reactor inlet due to the release of heat of reaction. Upon ignition the reaction front de-
veloped slowly, holding its position and showing no dynamics. 
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Figure 2.25 Temperature profiles during ignition of the C3Hg-02 reaction over 3% RhI AbO} 
[Marengo et a1. 1997] 
The selectivity of an oxidation reaction can depend on the properties of the catalyst. It is under-
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at the surface of an oxide either as a result of its dissociation a high temperatures or during the 
adsorption of gaseous oxygen at lower temperatures. Schnobel et al [1997] observed that the 
yield of the reaction products, acrolein and carbon dioxide, increased with an increase in tem-
perature when a mechanical mixture of Fez.OJ / Sbz.04 with SblFe == 2 was used. Figure2.26 
shows the yields of acrolein and carbon oxides as a function of reaction temperature. The yield 
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implying'that the activation energy for total oxidation is higher than for selective oxidation. 
Figures 2.26 Yields of Acrolein and Carbon oxides for the partial oxidation propene over iron 
antimony oxide (SblF e== 1.5: 1) as function of reaction temperature and calcination 
temperature [Schnobel et a1. 1997]. 
2.7.2 Influence of partial pressure 
Schnobel et al [1997] conducted experiments by varying the inlet partial pressure at constant 
space times and at different temperatures. Figure 2.27 shows that increasing the partial pressure 
of propene, decreased the conversion of propene. No effect was observed on the partial and 
complete oxidation products. It was suggested that the reaction order of the olefin was less than 
zero. If the rate-determining step involves an adsorbed olefin, reaction orders less than one are 
expected (Figures 2.27(a)). An increased in oxygen pressure resulted in an increase in propene 
conversion. The selectivity to total oxidation products increased slightly while the partial oxida-
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Figure 2.27 Effect of the (a) inlet propene partial pressure (b) inlet oxygen partial pressure on 
the selectivity of oxidative conversion of propene [Schnobel et al 1997]. 
2.7.3 Influence of space time. 
Schnobel et al [1997] has shown that increasing the space-time increases the conversion but de-
creases the selectivity .The authors suggested that this was an indication of consecutive reaction 
of acrolein to carbon dioxide at high space velocities. Since there was no change in the CO 
content of the total oxidation products with changing space-time, it was then concluded that 
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Figure 2.28 Influence of space-time on oxidative conversion of propene [Schnobel et al 1997] 
2.7.4 Influence of time on stream 
It is now well understood that the oxygen contained in the solid catalyst -so called "lattice oxy-
gen has an active role in selective hydrocarbon oxidation. For a variety of oxidation reactions, 
the catalyst will continue to operate with the same steady-state yield, if the oxygen supply is dis-
continued. The activity declines as the catalyst is reduced by the olefin. Under steady-state con-
ditions the catalyst is operating under partially reduced conditions. The optimum level of partial 
reduction depends mainly on the catalyst and reaction. 
Schnobel et al [1997] observed that the conversion and the selectivity of the partial oxidation of 
propene over iron antimony oxide catalysts decreases rapidly in the first few minutes of reaction 
(O-2min) as shown in Figure 2.29. Pre-reduction of the catalysts led to a lower maximum initial 
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Figure 2.29 Yield of Acrolein during partial oxidation of propene as a function of time on 
stream [Schnobel et al. 1997] 
van Steen et al [1997] investigated the time on stream behaviour of propene oxidation over iron 
antimony oxide in the presence and absence of gas phase oxygen using a temperature pro-
grammed reduction. Figure 2.30 shows that the conversion of propene in the absence of oxygen 
decreases sharply with 5 min time on stream with acrolein attaining a maximum. This shows 
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Figure 2.30 Fonnation of C02 and Acrolein during propene oxidation in the presence and ab-
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In the presence of oxygen the catalyst loses its initial high activity showing that the initial high 
oxidation state cannot be maintained by the presence of gaseous oxygen. Now since the electro~ 
philic oxygen species are intermediates in the reoxidation of the catalyst with gaseous oxygen, 
the relative selectivity to acrolein decreases in the case where gaseous oxygen is present. In the 
absence of gaseous oxygen, vacancies are formed on the catalyst surface, which cannot be re~ 
filled from the gas phase. Therefore fewer electrophilic oxygen species are present to form com~ 
bustion products. Keulks et al [1983] observed the same phenomenon for the bismuth molybdate 
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Figure 2.31 Yield plotted as a function of time on stream for bismuth molybdate catalyst at 
425°C [Keulks et al 1986] 
The maximum yield of acrolein occurred at 5 minutes over bismuth molybdate and less than 0.1 
minutes over iron antimony oxide catalyst. This means that for the antimony oxide catalyst, 
reduction occurs on the surface layer whereas for bismuth molybdate it occurs from the bulk 
oxygen layers [Grasselli et al. 1981]. In bismuth molybdate the lattice oxygen is much more 
mobile than in iron antimony oxide. The lattice oxygen on the iron antimony oxide is more re~ 
active than that of bismuth molybdate catalyst [Magagula et al 1998]. Iron antimony oxide needs 
to be maintained at high oxidation state so as to maintain its high initial activity thus favouring 
the formation of partial oxidation products. Since the decrease in initial activity is rapid for an~ 
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This can be achieved by perfonning the reaction in two separate reactors as discussed by [Calla-
han et a1. 1960]. Another alternative is to periodically alter the feed from a reducing atmosphere 
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2.8 PERIODIC OPERATION 
Transient operation is a way to control conversion or selectivity in a chemical reactor. Periodic 
operation is hardly new, all process whereby the catalyst is regenerated in situ operate periodi-
cally. Catalytic cracking of gas oil is a well-known example that employs cycles of the order of 
minutes. The reason for periodic operation is to increase the catalyst conversion or rate of reac-
tion. It is probably more expensive than steady-state operation. If an increase in conversion is 
desired, this could be achieved by simply increasing the size of the reactor and the amount of 
catalyst. When it is desired to increase the capacity of an existing reactor, periodic operation 
could be attractive [Silveston et a1. 1995J. 
2.8.1 Why consider periodic operation? 
Non-steady-state experiments have become a tool for investigating mechanisms of heterogene-
ous catalysed reactions. This is necessary, since reaction kinetics measured under steady-state 
conditions yield models unable to predict dynamic behaviour [Silveston et a1. 1995]. 
Matros et al [1975] pointed out that improvement in reactor performance under periodic opera-
tion resulted from favourable changes in catalyst activity through a variety of mechanisms, often 
changes in the composition of the catalyst surface. When the catalyst is altered in response to 
adsorbate composition and lor temperature, both activation energy and the frequency factor 
change. Moreover, since periodic operation is sensitive to amplitude and the shape of the forcing 
function, the true kinetics of a catalytic process can be investigated and it becomes possible to 
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2.8.2 Laboratory - scale reactors for transient experiments 
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Figure 2.32 Microreactor for use in component forcing studies [Chanchlani et al. 1994] 
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A microreactor reactor that requires just milligram samples of catalyst can be used and provide 
differential parameters as shown in figure 2.32 [Chanchlani et al 1994]. This type of reactor 
permits the observation of reaction dynamics by means of an infra-red spectrometer attached to 
the reactor. Now, if the reactor is replaced by an optical cell, an IR transparent wafer containing 
the catalyst, the dynamics of the catalyst surface can be observed. The disadvantage of a catalyst 
wafer is that the catalyst is modified during pressing of the disk and that additional diffusional 
interference can occur. Furthermore the flow patterns in the cell are not well defined. This 
problem can be minimised by using DRIFTS (Diffuse Reflectance Infrared Fourier Transform 
spectroscopy) 
Vamling et al. [1987] studied the production of ethanolamines from ethylene oxide and ammo-
nia over an ion exchange resin catalyst using an integral reactor. The non-uniform temperature 
distribution makes data difficult to interpret. Silveston et al. [1980] used an internal re-
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Figure 2.33 Integral reactor used for composition modulation of ethanolamine formation from 
ethylene oxide and ammonia [Vamling et a1. 1987] 
A membrane reactor can also be used to suppress or limit the total oxidation reaction. In this 
reactor an 0 2. conducting membrane separates the hydrocarbon containing and oxygen contain-
ing mixtures. The hydrocarbon containing mixture is exposed essentially to the' selective oxy-
gen', i.e. 0 2• ions, while the' unselective forms of oxygen (02 , 02.ads , 02', 0') are less abun-
dant [Genser et a1. 1999]. 
Transient studies can also be performed using temporarily analysis of products reactor (TAP re-
actor) [Gleaves et a1. 1999]. It consists of the following: a gas mixing station, microreactor with 
high-speed pulse valves, and a mass spectrometer .The T AP-1 reactor has been used to investi-
gate the systematic formation of acrylonitrile from the adsorbed acrolein and NHx species. There 
has been an improvement on the TAP-I. 
The advantage of the new T AP-2 reactor is that the mass spectroscopy is located under the mi-
croreactor. Thereby the detection limit is increased by a factor of 1000-10000, which implies 
that the required pulse size can be decreased, thus enabling operation in the Knudsen diffusion 
zone [Hinz et al. 1996]. Instead of minimising diffusion effects, as in PFR or CSTR, the strategy 
is to use a TAP reactor operated in the Knudsen diffusion regime. In this regime the transport of 















Figure 2.34 TAP reactor set-up [Gleaves et al. 1999] 
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2.8.3 Selectivity enhancement and catalyst surface transient conditions. 
Partial oxidation of propene to acrolein over iron antimony catalyst is thought to proceed via 
redox mechanism [Keulks et al. 1983]. The oxidation and reduction are generally performed si-
multaneously, but can be physically separated by performing the reaction in two separate reac-
tors [Callahan et al. 1970). The feed can be alternated from a reduction environment to an oxi-
dising environment. This would lead to a higher activity and selectivity over iron antimony 
catalyst. The concept of alternating feed to enhance activity and/or selectivity has been dis-
cussed by Silveston et al [1985]. 
van Steen et al [1999] showed that the selectivity and yield towards acrolein can be improved 
by operating the partial oxidation in a cyclic mode i.e. alternating the feed from reducing (hy-
drocarbon/air) to oxidising (air) atmospheres. The authors observed during the 30 min reaction 
cycle that activity and selectivity decreased in a relatively short space of time on stream. During 
the re-oxidation cycle some activity was regained. They concluded that to obtain higher original 
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Figure 2.35 Partial oxidation of propene over iron antimony oxide catalyst (Sb/Fe=l: 1) at 
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Saleh-Alhamed et al [1996] investigated periodic operation on partial oxidation of propylene to 
acrolein and acrylic acid over antimony tin vanadium oxide catalyst Sb/SnIV with an ratio of 
Sb/SnIV=21112. Periodic experiments were carried out by cycling propene and steam. It was 
observed that the selectivity to acrylic acid increases with a suitable choice of mode, split and 
period but exceeded the highest steady-state selectivity [Lang et al. 1989b] by no more than 5%. 
Selectivity to Acrylic acid was observed to decline when steam cycling was used. When cycling 
propene, an improvement in selectivity as high as 75% towards acrolein and acrylic acid was 
achieved. The oxygenates and carbon dioxide were not greatly affected by cycle period. Figure 
2.36 shows the improvement in time-average rate for acrolein acrylic acid at different cycling 
periods. The curve attained a maximum between cycle periods 1 to 2. This effect can be ex-
plained by the source of oxygen species concerned for the formation of each product. 
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Figure 2.36 Effect of period on the time average rate of formation of products 
[Saleh-Alhamed et al. 1992] 
I I 
According to Haber et al [1996] lattice oxygen is involved in selective oxidation whereas ad-
sorbed oxygen radicals are responsible for total oxidation. Therefore cycling improves acrolein 
and acrylic acid selectivity, because it seems to keep the catalyst at high oxidation state, thus, 
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Renken et al. [1997] investigated the oxidative coupling of toluene under periodic conditions on 
Pb/Li/MgO catalyst for a selective pathway to 1,2-diphenylethane. Periodic operation presented 
changes in product distribution in comparison with steady state through alternation of toluene 
oxidation in absence of oxygen in the feed and regeneration of the catalyst by oxygen. Figure 
2.37 shows that the selectivity of 1,2-diphenylethane is increased from 0.6 to 0.9 by increasing 
the cycle period i.e. by suppressing gas phase oxygen. This is attributed to interaction between 
the catalyst and the toluene methyl group, which produces benzyl intermediates which react se-
lectively to form 1,2-diphenylethane and benzene. 
Figure 2.37 shows that the yield of 1,2-diphenylethane is higher under periodic operation 
compared to the steady-state experiment. The catalyst is observed to be more active at short pe-
riods due to short reaction intervals, which leads to less deactivation. Renken et al [1997] inves-
tigated the effect of the ratio of reaction and regeneration intervals i.e. split varying from 1: 1 to 
6.8: 1. 
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Figure 2.38 Yield and selectivity at different split ratios [Renken et aL 1997] 
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Figure 2.38 shows that higher toluene concentration during the 1: 1 experiment induces faster 
deactivation while a similar effect was observed for 3:1. At lower toluene concentration ratio of 
6.8: 1 slowe deactivation is encountered during a longer reaction interval, thus leading to higher 
yields of 1,2 --diphenylethane. 
Contractor et al [1997] investigated the effect steam cycling on butane oxidation over vanadyJ 
pyrophosphate on a riser reactor. Figure 2.39 shows that the maleic anhydride yield is increased 
by 4%. The improvement was attributed to the competitive adsorption between steam and oxy-
gen, hence fewer sites are available for oxygen activation and the contribution of the gas-phase 
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Figure 2.39 The effect of steam fed to the riser on maleic anhydride yield. Oxygen has been 
co-fed with steam [Contractor et al. 1997]. 
Cordova et al [1983] investigated transient kinetics of benzene oxidation to maleic anhydride in 
an automated periodic pulse reactor and the response of (VzOs - Mo03 ) to reduction and oxi-
dation. The experimental results showed that the average reaction rate is rMA::::::O .466x 10.4 
mol/g.h, against 0.342x 10.4 mollg.h in steady-state experiment. This corresponds to a 36% in-
crease at a temperature of 370°C with msand=3-4g and meat= 0.5g. 
Lang et al [1991] investigated selectivity improvement, by alternately contacting the catalyst 
with butane and oxygen with an inert gas pulse between them at 350°C. Maleic anhydride 
(MA), furan, acrolein and total oxidation products (H20 and COx) were formed as products. 
Short cycle periods between reactants decreased the production rate of all products except furan. 
At longer switching times, all products decreased as the period increased. However, the ratio of 
total oxidation and partial oxidation products remain unchanged by this operating mode. 
It was concluded the short cycling periods do have an effect on the partial/total oxidation path-
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of furan either by gaseous or lattice oxygen. Further oxidation of MA and acrolein to C02 was 
not significant. The authors also noted that the split, defined as the duration of butadiene expo-
sures on the catalyst before reoxidation had a little effect on the formation of oxygenates. In-
creasing the split increased furan production while small but similar production of maleic anhy-
dride and acrolein were observed. Carbon dioxide production was not affected. 
Creasar et al [1999] investigated the cyclic period of the oxidative dehydrogenation of propane 
over a V -Mg-O catalyst, alternating propane and oxygen gas mixtures. The split notation used 
corresponds to the propane/oxygen ratio. Thus a 1 :0.4 split means the cycle consisted of 50s ex-
posure to propane followed by 20s exposure to oxygen. Propane and oxygen conversion, selec-
tivity and yield for periodic operation with propene to oxygen ratios are shown in figure 2.40. 
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Figure 2.40 Product concentration transients over three cycles for cycling operations with a 
constant 50s exposure to propane and exposures to oxygen at different duration, 
[Creaser et al. 1999] 
Propene selectivity is always higher for cycling than for steady state. The oxygen exposures 
could be shortened to as little as 5s, meaning that catalyst re-oxidation must be rapid. At re-
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At short oxygen exposures the change in composition was not apparent. The authors suggested 
that short oxygen exposures preventing 'full oxidation' of the catalyst might improve the initial 
selectivity after exposure to propane. 
Tamilov et al [1999] investigated the transient kinetic modelling of oxidative dehydrogenation 
of butene-lover Sb-Sn oxide catalyst on the basis of experimental data obtained by Shukin et al 
[1970]. The influence of residence time, amplitude and duration of periodic cycles, ratio of rea-
gent concentrations within the cycle and the process parameters were simulated. An isothermal 
unsteady-state CSTR model was used. The suggested mechanism and the fitted parameters de-
scribe the experimental data satisfactory. Figure 2.41 shows the typical dependency of overall 
yield of butadiene on residence time and cycle duration. 
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Figure 2.41 Dependency of the averaged per cycle yield of Butadiene on residence and cycle 
duration in the established cyclic regime [Tamilov et al 1999]. 
The curve also shows that butadiene yield attains a maximum at short cycles while longer cycles 
show characteristics of the steady-state process performance. Thus it was concluded that simu-
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improve process performance compared to the steady-state, resulting in the increase in butadiene 
yield. 
2.9 KINETIC MODELLING OF OXIDATION REACTIONS 
Pietrzyk et al [1999] simulated the oxydehydrogenation of propane on V zOs/TiOz under tran-
sient conditions assuming a differential plug flow reactor model in a concentration step mode. 
The surface coverage and partial pressure were expressed by the following ordinary differential 
equations: 
dP 0 
_I = (uILc)(p j-p)+(RTlcp)r/fJ,P) 
dt 
dB L _J == vr 




Mass and heat transport phenomena were analysed to ensure that the results are not distorted. 
The theoretical model agreed very well with the experimental data points. 
Lynch [1983] modelled resonant behaviour during cycling of catalytic reactors. The author 
showed that a mathematical model, which is based on a Langmuir- Hinshelwood type of mecha-
nism, could predict the resonant behaviour of the species in the catalytic oxidation of carbon 
monoxide over platinum. The reaction was assumed to occur in an isothermal, well-mixed re-
actor operated at constant pressure. The author showed that the model predictions are in sub-
stantial qualitative agreement with a published experimental report concerning resonant behav-
iour of CO oxidation on platinum. 
Literature has extensive information on the kinetic modelling of the reactions and transient ki-
netic studies, not necessarily on oxidation reactions viz. Turek et al [1999], NzO decomposition 
over Cu-ZSM-5; Marin et al [1999], Transient kinetic study on conversion of methanol to ole-
fins: Razon etal [1987], Ammonia synthesis over Rh catalyst. Silveston et al [1995] have 
supplied an outline of the developments made in transient studies over the years dating from the 
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2.10 PROBLEMSTATEMENT 
The FeSb04 catalyst shows high a yield and activity in the initial few minutes of reaction. The 
good performance, however, decreases rapidly with time on stream to a much lower yield and 
activity. It is believed that this effect is due to the changing oxidation state of the catalyst as the 
reaction proceeds. Transient reactors provide means by which the yield and selectivity and 
hence the properties of the active sites can be controlled. Hence, this work will investigate the 
cyclic behaviour of a FeSb04 catalyst for the oxidation of propene. The transient response and 
the variation of the cycle times will enable a better understanding of the active site and its role in 
the catalytic reaction. 
2.10.1 HYPOTHESIS 
(a) Single site redox mechanism model qualitatively predicts the trends. 
2.10.2 KEY QUESTIONS 
(a) What effect do the reactants, operated on a periodic mode, have on the acrolein yield and 
activity? 
(b) What effect does the cycle time have in acrolein yield? 
(c) Does the model qualitatively predict the trends? 
2.10.3 AIMS AND OBJECTIVES. 
(a) To study the steady state and transient cyclic behaviour of the FeSb04-propene system. 
(b) To formulate a transient single site redox model. 
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3 MODEL DEVELOPMENT 
3.1 Introduction 
A 'lumped mechanism' approach has been used in this study. It means that a 
generalised mechanism (kinetic-scheme) is proposed, which contains a small number of 
quasi-elementary stages. The kinetic model and mechanism are developed using 
observed information and reasonable assumptions. 
The qualitative analysis ofliterature data yields the following information: 
(a) Reaction occurs via chemisorption of propene at the surface of the catalyst 
surface leading to the formation of stable surface intermediates. 
(b) The surface intermediates are converted into acrolein (desired product) and 
undesired side products CO/C02 • 
(c) The reduced active sites after the desorption of products are reoxidised by the 
oxygen from the gas phase. 
3.2 Proposed reaction mechanism. 
Using the following assumptions: 
(a) Isothermal differential reactor. This was achieved by diluting the catalyst highly 
with silicon carbide on ratio of 1 :20 and conversions less than 10% 
(b) Constant pressure across the bed. 
(c) Reoxidation and reduction occur on the same site. 
(d) All the elementary reaction steps are irreversible. 
(e) Propene chemisorption at the catalyst surface occurs on the fixed number of 
oxidised active sites 
(£) Acrolein is produced directly from the surface product of propene, consuming 
one oxygen atom and delivering all other sites after acrolein desorption. 
(g) Deep oxidation of surface intermediates to carbon oxides requires consumption 
of neighbouring oxygen atoms from the catalyst surface and leads to the 
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(h) Kinetic equations corresponding to the stages of propene chemisorption and 
oxidation are linear with respect to gas and surface concentration. 
(i) Reduced sites are oxidised by oxygen from the gas phase. 
On the basis of the above assumptions the following mechanism was proposed: 
Stepl : C]H6(g) + 20V ~ C3HS(OV) + OHV 
Step2 : C3HS(OV) ~ C3H50(V) 
Step3 : C3HsO(V) + OV ~ C]H,P(V) + OHV 
Step4: C]H40(V) ~ C3H 40(g) + V 
StepS: 20HV ~ H 20(g) + V + OV 
Step6: C)Hs(OV)+(3x+4)OV ~ 3CO,(g) +SOHV +3xV 








(a) Step 1: The hydride is abstracted from propene, forming a sigma allyl complex. 
which can lead to the formation carbon di/monoxide. 
(b) Step2: The sigma allyl complex rearranges itself to a pi allyl complex. 
(c) Step3: Second hydride is abstracted from the complex leading to the formation 
an adsorbed acrolein and hydroxyl group. 
(d) Step4: The adsorbed acrolein desorbes to form gaseous acrolein. 
(e) Step5: the hydroxyl groups formed in steps 1 and 3 combine to form water. 
(t) Step5: Formation of COx from the sigma allyl complex. 
(g) Step6: The gaseous oxygen from the feed replenishes the used lattice oxygen 
sites. 
The reaction rates for equations 3.1 to 3.7 can expressed as follows: 
r1 == klCnH6Bov 3.8 
r2 = k2 BOHS(oV) 3.9 
r3 == k]BoIl50(v)Bov 3.10 
r4 k4Bofl40(V) 3.11 
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k 0 03X+4 r6 = 6 C3H5(OV) OV 3.13 
3.14 
3.3 Reactor model. 
The analysis of the evolution of bulk concentration was performed using a model. The 
basis for the mathematical description is the mass balance for a CSTR to analyse the 
evolution of the bulk concentration species. The surface coverage and bulk 
concentration are in this approach given by a set of differential equations written below: 
Equations 3.17 and 3.18 were normalised with respect to concentration and position by 









dx. 0 V '" -' = (Xi - Xi) I TE - cat ~ viri ' 
dt C1 VreaClor i 
3.17 
Solid-phase equation: 
dO} _ m "'v r . 3.18 
dt - N ~ j i 
I 
where N denotes the molar concentration of active sites per kilogram of catalyst m, 
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For each species the mass balance equation is as follows: 










Surface coverage expressions: 
dOC3HS(OV) = m (r: _ r,) 3.25 
dt N I -
dOC3HSO(V) = m (r, _ r ) 3.26 
dt N - 3 
dBC3H40(V) = m (r _ r ) 3.27 
dt N 3 4 
d~V m 329 --=-(-2r -r -(3x+4)r +r +2r) . dt N I 3 5 5 7 
Surface constancy expression: 
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3.3.1 Initial conditions. 
The resulting system of differential equations were integrated using <ODE23s> for stiff 
differential equations in the Matiab software package with a tolerance of tol<l x 10-6• 
The software was programmed in such a way that concentration steps of propene are 




between t=O and 3600seconds in the feed 
between t=O and 3600 except for 802 and 8y • 
Initially the catalyst was assumed to have 80 = 0.2 and 8y =0.8 and the simulation was 
carried out allowing the reaction to reach steady state before turning the propene on. 
The pretreatment with oxygen was taken to be 3600 seconds; similar to the time used in 














The gases used are listed in Table 4.1 and were filtered before feeding them into the re-
actor. Silicon carbide (270micron) was supplied by Aldrich and was used as a diluent. 
Table 4.1 Gas specifications 
Gases Molar-mass Manufacturer 
Purity% 
Propene 42.081 Fedgas 99.9 
Oxygen 31.999 Fedgas 9.999 
Helium 4.003 Fedgas 99.99 
Methane 15.999 Air products 99.99 
4.2 Catalyst 
4.2.1 Catalyst preparation 
The iron antimony oxide catalyst was prepared by the method described by Allen et al 
[1996]. A catalyst of SblFe =1.5:1 required a mass of 1O.55g and 8.55 g of iron nitrate 
and antimony oxide respectively. Fe (N03h.9H20 was heated to 60°C and a solution of 
iron nitrate was formed in water of crystallisation. The corresponding mass of Sb20 3 
was added to the solution and the pH of the solution was approximately one. The tem-
perature was raised to 80°C. An aqueous solution of NH3 (approximately 10 ml) was 
added to raise the pH to 3. The catalyst was dried at 120°C for 16hrs to allow interdiffu-











4.2.2 Catalyst characterisation. 
4.2.2.(i) X-ray diffraction measurements 
The catalyst structure was analysed using X-ray diffraction (XRD). Phillips X-ray 
diffractometer generated Cu-Ka radiation at 40 kV, 30mV with a wavelength of 1.54A. 
Approximately 0.5 g was placed on to the sampler holder and the surface was carefully 
levelled out. A scan range of 20° <28< 70° with a step size of 0.1 ° was used. The XRD 
pattern was then compared with values obtained from the literature [JCPDS, 1980]. 
4.2.2.(ii) Infrared measurements. 
FT-IR spectra of the catalyst (ca. 1 % in KBr) were recorded at room temperature using 
a Nicolet 5ZDX FT-IR spectrometer at a resolution of 4cm-1 over the wave-number 
range of 400 to 4000cm-1• The sample and the KBr were predried in air an oven at 
100°C for 2hrs and prior to the wafer preparation. 
4.2.2.(iii) BET characterisation 
N2-BET surface area measurements were determined using an Accelerated Surface Area 
and Porosimetry (ASAP) 2000 system from Micromeritics. About 1 g of FeSb04 sample 
was dried for 120 minutes in situ at 150°C under vacuum conditions (5~mHg). Nitrogen 
was then adsorbed at the boiling temperature of liquid nitrogen (77K) using an extended 
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4.3 Experimental apparatus 
All reactions were carried out in the apparatus as shown in figure 4.1. The apparatus 
consisted of four mass flow controllers, each for propene, oxygen helium and methane. 
The feed gas was passed through a mixer before entering the reactor or going through 
the bypass line. The reactor was situated inside the furnace to minimise temperature 
gradients. The details of the reactor are given in section 4.3.1. The actual temperature of 
the bed was monitored by a thermocouple housed in % " graphite ferrule and it pro-

















































An internal standard was fed into the gas stream using a mass flow controller to facili-
tate product analysis. After passing through the mixer, the final gas steam flowed 
through the ampoule sampler (Schulz et al [1986]) and passed through the bubble flow 
meter before it was vented. The product and internal standard lines were heated to 
180°C. The details of the pneumatic switch for the oxidation and the reduction phase are 
















NO = Normally open NC = Normally closed 








NO = Normally open NC = Normally closed 
Figure 4.2(b) Pneumatic switch for the reduction phase. 
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The normally closed or open magnetic switches were electrically operated and have an 
aperture, which is controlled by the flow of nitrogen, so as to direct the flow of propene 
(12ml/minNTP) and that of make up helium (12mllminNTP) online or to vent de-
pending on the reduction or oxidation environment. The flow of helium (84ml/minNTP) 
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volumetric flow was always kept constant at all times, by switching the make up gas on 
during the oxidation phase. 
4.3.1 Reactor 
Figure 4.3 shows a schematic diagram of the fixed bed reactor which consisted of a 
stainless steel tube with internal diameter of 4mm and an outer diameter of 5 mm and a 
length of 360 mm .. From top to bottom the reactor was connected via the VCR fittings 
to a head and bottom piece, which were welded to the feed and product line respectively 
and was operated in down flow mode. 
- VCR Fittings 
- Catalyst and SiC 
Class beads 
Ouarlzwool 
- VCR Fittings 
Figure 4.3 Fixed bed reactor used for partial oxidation of propene. 
4.3.2 Ampoule sampler. 
Figure 4.4 shows the sketch of an ampoule sampler. This method of analysis was devel-
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Figure 4.4 
! hot gas/steam inlet 
fork to break 
ampoule tip 
::::::I ....... ou tier 
heat resistant, elastic septum 
for sealing 
evacuated glass ampoule 
with capillary tip 
Ampoule sampler [Schulz et aL 1986] 
4.4 Experimental procedure. 
'c<lpillary Ii P 
tip of hot flame to 
seal off ampoule 
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A blank run was carried out using silicon carbide (270micron) before loading the cata-
lyst. The purpose of the blank run was to ensure that there are no traces of the catalyst 
that are in the rig other than in the reactor. 
4.4.1 Steady-state experiment. 
The reactor was loaded with a mixture of Ig catalyst and 20g of silicon carbide to 
minimise temperature gradients in the reactor. The packing was stabilised by plugs of 
quartz wool at both the reactor top and bottom. After each loading the reactor was leak 
tested before each run. The catalyst was then treated with 20mllmin (NTP) of oxygen 
and 84mllmin (NTP) of helium at reaction temperature (Tr = 375°C) for an hour. This is 
the process whereby the reduced catalyst is transformed into an active form by the 
catalytic transformation of bulk oxygen by the ferric ions in the catalyst into nucleo-
philic and electrophilic oxygen. 
Then 12mllmin (NTP) of propene and 30ml/min (NTP) methane were introduced while 
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pIes were taken to determine if the flows have stabilised. A bypass sample was then 
taken to determine the initial conditions. The propene was then introduced into the re-
actor and samples were taken every 2 minutes for the first 20 minutes, and the catalyst 
was then pretreated with oxygen at different time. High frequency sampling was re-
quired since the iron antimonate catalyst reduces rapidly with time on stream [Schnobel 
et a11997]. 
A bubble-flowmeter, which was connected to a vent, was used to measure the total 
flow. Methane served as an internal standard for the evaluation of carbon balance and 
the calculation of the yield, conversion and selectivity. Table 4.2 shows the summary 
for the reaction conditions: 
Table 4.2 Summary of reaction conditions. 
I Reaction temperature I 370°C 
Catalyst mass Ig 
WHSV O.02g/gcatmin 
Propene flow 12ml/min(NTP) 
Oxygen flow 20ml/min(NTP) 
Helium flow 84ml/min(NTP) 
The heating tapes were used to maintain the lines at 180°C. Their purpose was to ensure 
that acrolein does not condense along the lines since acrolein boils at 54°C, as this 
would affect the mass balance. 
4.4.2 Unsteady-state experiment. 
The concentration forcing of propene was carried out using electro-operated pneumatic 
switches. 84mllmin (NTP) helium and 20ml/min (NTP) oxygen were used to pretreat 
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through the bypass to evaluate initial condition. Using a two way valve the mixture of 
12ml/min (NNTP) propene, 20ml/min (NTP) oxygen and 84mllmin (NTP) of helium 
was passed through the reactor. The reaction was carried out at different switching times 
of propene varied from 5min, lOmin, 20min and 30min. For each experiment propene 
cycling was carried out three times. The moment when the reactor was switched on line 
with the feed was defined as zero. The dead time of the reactor and the experimental rig 
was 3.5 s. Table 4.3 depicts the overview of the experiments carried out. 
Table 4.3 Overview of the experiments conducted. 
I Duration of oxygen Time on stream (min) 
No of cycles 
I : treatment. 
30 120 3 
20 120 3 
10 120 3 
5 120 3 
4.4.3 Product analysis 
The capillary and the ampoule were preheated in heated flame of a butane torch to 
avoid condensation of the product gas. The ampoule was push into the septum of the 
ampoule sampler until it was fully housed. The tip of the capillary was broken and the 
product gas filled the pre-evacuated ampoule. The ampoule was sealed off immediately 
using a butane torch flame. The ampoule sampling technique completely decouples the 
sampling from the analysis and thus samples can be stored over a long period of time 
and data points with a frequency of up to one sample every 20 seconds can be achieved. 
4.4.3.(i) Gas chromatography analysis 
The ampoules containing the product was then broken in a heated ampoule breaker, 
which was connected to the gas chromatograph via a six port sampling valve. The GC 
carrier gas could thus bypass the ampoule breaker or transport the product sample to the 
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sion of propene was performed using a SOE-BPS capillary column (100 m long and 
film thickness 0.5 micron) connected into a Varian 3400 gas chromatograph. The OC 
was equipped with a flame ionisation detector. Table 4.4 shows the specification and 
temperature program. 
Table 4.4 OC flowrates and settings. 
I GC parameter Settings 
I 30 mVmin(NTP) • Nitrogen Flowrate (Make up gas) 
Hydrogen Flowrate (FID) 30ml/min(NTP) 
Temperature program 3SoC for t= 1 Omin 
split 1:100 
i Column head pressure 30psig 
• Column length SOm 
: Inner diameter 0.2mm 
Stationary phase Phenyl dimethyl Siloxane 
Film thickness O.51lm 
Flame ionisation detector range 7 
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4.4.4 Analysis of data 
When the ampoule technique is used, carbon balance can only be determined with the 
help of the internal standard, methane. The internal standard does not react with the 
products and does not interfere with the product peaks in the gas chromatography. 
The molar flowrates of the products and reactants Fi were calculated using the formula 
below based on the known peak areas Ai. 
4.1 
Carbon balance around the reactor was performed by comparing the incoming flow of 
carbon to the out flowing carbon in the product stream. Using the bypass the amount of 
carbon corning in could be evaluated before the reactants are switch into the reactor. 
4.2 
Using the peak areas from the chromatographic analysis the % balance is calculated as 
shown below: 
L Ai,ou/RFi 
A. d RF d C - balance = 151 151 X 100% 
A feed ,in RFfeed 
A'sld RF[sld 
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The peak areas Ai from the GC analysis enable the conversion to be calculated as fol-
lows: 
4.4.5 Linear velocity. 
A feed ,oul RF jeed 
X = 1 _ A;sld RFisld 
A jeed ,in RFfeed 
A/sId RF/std 
4.5 
It is defined as the gas velocity at reactor conditions in an empty reactor and was quanti-
fied assuming constant density system: 
4.6 
4.4.6 Mass and heat transport in transient partial oxidation of propene. 
It was then necessary to investigate heat and mass transport so that the results do not 
become distorted. Moulijn et al [1991] gave a detailed general anal ysis of intra and inter 
heat and mass transport for transient experiments for a reaction of general order. The 
estimations of the mass transport and thermodynamic properties of the gas mixture were 
obtained from Perry et al [1984]. Gas phase was considered as ternary-mixture of pro-
pene, helium and oxygen. The product partial pressures were ignored. A complete out-
line of the mass and heat transfer limitation is entailed in appendix 3. It was found that 
intra and inter mass transfer and intra particle heat transfer limitations were absent while 
the inter particle heat transfer limitations were existing. The maximum temperature dif-
ference ( Tsurface - Tbulk) between the catalyst surface and the bulk temperature was 
evaluated to be 123 K , assuming that the mass-transfer controls the global reaction rate 















The gases used are listed in Table 4.1 and were filtered before feeding them into the re-
actor. Silicon carbide (270micron) was supplied by Aldrich and was used as a diluent. 





Propene 42.081 Fedgas 99.9 
Oxygen 31.999 Fedgas 9.999 
Helium 4.003 Fedgas 99.99 
Methane 15.999 Air products 99.99 
4.2 Catalyst 
4.2.1 Catalyst preparation 
The iron antimony oxide catalyst was prepared by the method described by Allen et al 
[1996]. A catalyst of SblFe =1.5: 1 required a mass of 1O.55g and 8.55 g of iron nitrate 
and antimony oxide respectively. Fe (N03k9H20 was heated to 60°C and a solution of 
iron nitrate was formed in water of crystallisation. The corresponding mass of Sb20 3 
was added to the solution and the pH of the solution was approximately one. The tem-
perature was raised to 80°C. An aqueous solution of NH3 (approximately 10 ml) was 
added to raise the pH to 3. The catalyst was dried at 120°C for 16hrs to allow interdiffu-
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4.2.2 Catalyst characterisation. 
4.2.2.(i) X-ray diffraction measurements 
The catalyst structure was analysed using X-ray diffraction (XRD). Phillips X-ray 
diffractometer generated Cu-Ka radiation at 40 kV, 30mV with a wavelength of l.S4A. 
Approximately O.S g was placed on to the sampler holder and the surface was carefully 
levelled out. A scan range of 20° <29< 70° with a step size of 0.1 ° was used. The XRD 
pattern was then compared with values obtained from the literature [JCPDS, 1980]. 
4.2.2.(ii) Infrared measurements. 
FT -IR spectra of the catalyst (ca. 1 % in KBr) were recorded at room temperature using 
a Nicolet SZDX FT-IR spectrometer at a resolution of 4cm-1 over the wave-number 
range of 400 to 4000cm-1• The sample and the KBr were predried in air an oven at 
100cC for 2hrs and prior to the wafer preparation. 
4.2.2.(iii) BET characterisation 
N2-BET surface area measurements were determined using an Accelerated Surface Area 
and Porosimetry (ASAP) 2000 system from Micromeritics. About 1 g of FeSb04 sample 
was dried for 120 minutes in situ at ISOoC under vacuum conditions (S~mHg). Nitrogen 
was then adsorbed at the boiling temperature of liquid nitrogen (77K) using an extended 











4.3 Experimental apparatus 
All reactions were carried out in the apparatus as shown in figure 4.1. The apparatus 
consisted of four mass flow controllers, each for propene, oxygen helium and methane. 
The feed gas was passed through a mixer before entering the reactor or going through 
the bypass line. The reactor was situated inside the furnace to minimise temperature 
gradients. The details of the reactor are given in section 4.3.1. The actual temperature of 
the bed was monitored by a thermocouple housed in 14 " graphite ferrule and it pro-
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Figure 4.1 Flowsheet of the experimental rig 
An internal standard was fed into the gas stream using a mass flow controller to facili-
tate product analysis. After passing through the mixer, the final gas steam flowed 
through the ampoule sampler (Schulz et al [1986]) and passed through the bubble flow 
meter before it was vented. The product and internal standard lines were heated to 
180°C. The details of the pneumatic switch for the oxidation and the reduction phase are 
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He= 12mlfminu(NTP) 
~iiiiiiiiiiii"'Vent 
Total flowrate ~ 
116 mlfmin(NTP) , 
Propene 12mlfmin(NTP) 
Reactor 
NO = Normally open NC = Normally closed 










NO = Normally open NC = Normally closed 
Figure 4.2(b) Pneumatic switch for the reduction phase. 
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The normally closed or open magnetic switches were electrically operated and have an 
aperture, which is controlled by the flow of nitrogen, so as to direct the flow of propene 
(12ml/minNTP) and that of make up helium (12mllminNTP) online or to vent de-
pending on the reduction or oxidation environment. The flow of helium (84ml/minNTP) 
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volumetric flow was always kept constant at all times, by switching the make up gas on 
during the oxidation phase. 
4.3.1 Reactor 
Figure 4.3 shows a schematic diagram of the fixed bed reactor which consisted of a 
stainless steel tube with internal diameter of 4mm and an outer diameter of 5 mm and a 
length of 360 mm .. From top to bottom the reactor was connected via the VCR fittings 
to a head and bottom piece, which were welded to the feed and product line respectively 
and was operated in down flow mode. 
- VCR Fittings 
- Catalyst and SiC 
Class beads 
Ouarttwool 
- VCR Fittings 
Figure 4.3 Fixed bed reactor used for partial oxidation of propene. 
4.3.2 Ampoule sampler. 
Figure 4.4 shows the sketch of an ampoule sampler. This method of analysis was devel-
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Figure 4.4 
1 hot gas/steam inlet 
fork to break 
:::III--. outlet 
heat resistant, elastic septum 
for sealing 
evacuared glass ampoule 
with capillary tip 
Ampoule sampler [Schulz et al. 1986] 
4.4 Experimental procedure. 
capillary tip 
tip of hot flame to 
seal off ampoule 
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A blank run was carried out using silicon carbide (270micron) before loading the cata-
lyst. The purpose of the blank run was to ensure that there are no traces of the catalyst 
that are in the rig other than in the reactor. 
4.4.1 Steady-state experiment. 
The reactor was loaded with a mixture of 1 g catalyst and 20g of silicon carbide to 
minimise temperature gradients in the reactor. The packing was stabilised by plugs of 
quartz wool at both the reactor top and bottom. After each loading the reactor was leak 
tested before each run. The catalyst was then treated with 20ml/min (NTP) of oxygen 
and 84ml/min (NTP) of helium at reaction temperature (Tr = 375°C) for an hour. This is 
the process whereby the reduced catalyst is transformed into an active form by the 
catalytic transformation of bulk oxygen by the ferric ions in the catalyst into nucleo-
philic and electrophilic oxygen. 
Then 12ml/min (NTP) of propene and 30ml/min (NTP) methane were introduced while 
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pIes were taken to determine if the flows have stabilised. A bypass sample was then 
taken to determine the initial conditions. The propene was then introduced into the re-
actor and samples were taken every 2 minutes for the first 20 minutes, and the catalyst 
was then pretreated with oxygen at different time. High frequency sampling was re-
quired since the iron antimonate catalyst reduces rapidly with time on stream [Schnobel 
et al 1997]. 
A bubble-flowmeter, which was connected to a vent, was used to measure the total 
flow. Methane served as an internal standard for the evaluation of carbon balance and 
the calculation of the yield, conversion and selectivity. Table 4.2 shows the summary 
for the reaction conditions: 





Catalyst mass Ig 
WHSV O.02g1gcarmin 
I 
Propene flow 12mllmin(NTP) 
Oxygen flow 20ml/min(NTP) 
Helium flow 84mllmin(NTP) 
The heating tapes were used to maintain the lines at 180°C. Their purpose was to ensure 
that acrolein does not condense along the Jines since acrolein boils at 54°C, as this 
would affect the mass balance. 
4.4.2 Unsteady-state experiment. 
The concentration forcing of propene was carried out using electro-operated pneumatic 
switches . 84ml/min (NTP) helium and 20mllmin (NTP) oxygen were used to pretreat 
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through the bypass to evaluate initial condition. Using a two way valve the mixture of 
12ml/min (NNTP) propene, 20mllmin (NTP) oxygen and 84mllmin (NTP) of helium 
was passed through the reactor. The reaction was carried out at different switching times 
of propene varied from Smin, 10min, 20min and 30min. For each experiment propene 
cycling was carried out three times. The moment when the reactor was switched on line 
with the feed was defined as zero. The dead time of the reactor and the experimental rig 
was 3.5 s. Table 4.3 depicts the overview of the experiments carried out. 
Table 4.3 Overview of the experiments conducted. 
I Duration of oxygen Time on stream (min) 
No of cycles I 
! treatment. 
30 120 3 
I 
20 120 3 
I 10 120 3 
I 5 120 3 
4.4.3 Product analysis 
The capillary and the ampoule were preheated in heated flame of a butane torch to 
avoid condensation of the product gas. The ampoule was push into the septum of the 
ampoule sampler until it was fully housed. The tip of the capillary was broken and the 
product gas filled the pre-evacuated ampoule. The ampoule was sealed off immediately 
using a butane torch flame. The ampoule sampling technique completely decouples the 
sampling from the analysis and thus samples can be stored over a long period of time 
and data points with a frequency of up to one sample every 20 seconds can be achieved. 
4.4.3.(i) Gas chromatography analysis 
The ampoules containing the product was then broken in a heated ampoule breaker, 
which was connected to the gas chromatograph via a six port sampling valve. The GC 
carrier gas could thus bypass the ampoule breaker or transport the product sample to the 
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sion of propene was performed using a SGE-BPS capillary column (100 m long and 
film thickness 0.5 micron) connected into a Varian 3400 gas chromatograph. The GC 
was equipped with a flame ionisation detector. Table 4.4 shows the specification and 
temperature program. 
Table 4.4 GC flowrates and settings. 
I 
GC parameter Settings 
i 
Nitrogen Flowrate (Make up gas) 30 ml/min(NTP) I 
Hydrogen Flowrate (FID) 30mllmin(NTP) 
Temperature program 35°C for t= lOmin 
split 1:100 
Column head pressure 30psig 
Column length SOm 
Inner diameter O.2mm 
I Stationary phase Phenyl dimethyl Siloxane 
Film thickness O.51lm 
I Flame ionisation detector range 7 












4.4.4 Analysis of data 
When the ampoule technique is used, carbon balance can only be determined with the 
help of the internal standard, methane. The internal standard does not react with the 
products and does not interfere with the product peaks in the gas chromatography. 
The molar flowrates of the products and reactants Fi were calculated using the formula 
below based on the known peak areas Ai. 
N c.istd Aj RF; 
Fj = F;srd --'-----
Nc,iAistdRFistd 
4.1 
Carbon balance around the reactor was performed by comparing the incoming flow of 
carbon to the out flowing carbon in the product stream. Using the bypass the amount of 
carbon coming in could be evaluated before the reactants are switch into the reactor. 
4.2 
Using the peak areas from the chromatographic analysis the % balance is calculated as 
shown below: 
I RF; 
A jRF d C - balance = IS/( lSI xl 00% 
A feed ,in RFreed 
4.3 
A'SldRF'Sld 















The peak areas Ai from the GC analysis enable the conversion to be calculated as fol-
lows: 
4.4.5 Linear velocity. 
Aleed .(Jut RF feed 
X = 1 ~ AiMd RFistd 
A feed,in RFfeed 
A/sid RFfstd 
4.5 
It is defined as the gas velocity at reactor conditions in an empty reactor and was quanti-




4.4.6 Mass and heat transport in transient partial oxidation of propene. 
4,6 
It wa." then necessary to investigate heat and mass transport so that the results do not 
become distorted. Moulijn et al [1991] gave a detailed general analysis of intra and inter 
heat and mass transport for transient experiments for a reaction of general order. The 
estimations of the mass transport and thermodynamic properties of the gas mixture were 
obtained from Perry et al [1984]. Gas phase was considered as ternary-mixture of pro-
pene, helium and oxygen. The product partial pressures were ignored. A complete out-
line of the mass and heat transfer limitation is entailed in appendix 3. It was found that 
intra and inter mass transfer and intra particle heat transfer limitations were absent while 
the inter particle heat transfer limitations were existing. The maximum temperature dif-
ference (Tsurface Tbulk) between the catalyst surface and the bulk temperature was 
evaluated to be 123 K , assuming that the mass-transfer controls the global reaction rate 
by equation 4.7. 
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5 RESULTS: 
5.1 Catalyst characterisation. 
5.1.1 X-ray diffraction 
::OU~t'/Sr--_________________________ ----' 
4- J. - . . ,:;, 
Figure 5.1: X-ray diffractogram for FcSbO" [Sb/Fe 1.5] 
Figure 5.1 depicts the X-ray diffraction analysis of iron antimony oxide catalyst of 
SbIFe=1.5: 1, calcined at 900°C.The X-ray diffractogram contains three major peaks at 
28 =27.1,35.1,53.1 respectively and were compared with the data from known phases. 
It is evident from Table 5.1 that the bulk of the catalyst has a FcSh04 phase with rutiic 
structure, [Bithell et al 1994]. Burriesci et al[I982J and Schnobel et al [19971 reported 
that the lines become more intense with an increase in temperature (400-1 100°C) clue to 
the mobility of Sb20 4 at high temperatures. This was expected since the catalyst was 
calcined at 900°C and Sb20 4 melts at 635°C. The peaks at 20 == 34.0°. ::n.o°, 40.1". 
44.5°, 49.0°, 60.0°, 63.2° were identified to be those of ~-re201 as suggested by 
(Schnoebel et al 1997]. The peaks at 25.8°,29.0°,30.8°,38.0°,51.2°.64.5° and 67.X 
were identified to be those of cx-Sb20 4 as suggested by [Allen et al 1996\. The small 
peaks next to the cx-Sb20 4 peak have been suggested to be those or [)-Sb20.1 phase. 
Miller indices and d-spacing for the rutile structure rrom (JCPDS. 19901 are tabulated ill 
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Table 5.1: Miller indices and d spacing [JCPDS, 1990]. 
Data for FeSb04 Data for the sample 
d[hkl] (hkl) d[hklJ hkl 
3.28 (110) 3.28 (110) 
2.56 (101) 2.56 (101) 
2.32 (200) 2.32 (200) 
1.72 (211 ) 1.72 (211 ) 
1.64 (220) 1.64 (220) 
1.47 (310) 1.46 (310) 
The formula below was used to calculate the unit cell parameters for the sample: 
1 h 2 k 2 [2 2kl 2lh 2hk 
--? -2 + +-+ + +---
d hk,- a c
2 bccosa cacos f3 abcosy 
(5.l) 
because of a::::b and a::::~=r=90o . Equation 5.1 simplifies to 
(5.2) 
for a tetragonal system of FeSb04 .Using equation 5.2 the cell parameters from the d-
spacings obtained from the literature gave: 
a::::4.64A 
b::::c::::3.04A 
The results were compared with the d-spacings obtained from XRD analysis of the 
sample as shown in Table 5.2: 
Table 5.2: Cell parameters 
i Unit cell Literature values Experimental values 
Parameters 
A 4.64 A 4.64 
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The values in table 5.2 compare very well with each other as verified by [Aso et al 
1979], [Allen et al [996] and [Schnobel et al 1997] and contradicts the cell parameter 
value of c::::9.23A obtained by [Berry et al 1987] for a trirutile structure using a neutron 
diffraction anal ysis. 
5.1.2 Infra-red analysis. 
Figure shows an infrared spectrum of iron antimony oxide (SblFe 1.5) calcined at 
T::::900°C). The analysis was carried out at wavenumbers between 4000-400cm,1 with a 
ratio of sample to KBr of 1 :20. The low infra red transmittance obtained was attributed 
to adsorption as well as the reflection of infra red light from the KBr wafer since it was 
dark brown. This was also the ease with Bowker et al [1996] but they were able to 
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Figure 5.2: Infra-Red spectrum of FeSb04 (SblFe:::: 1.5) 
400 
The wavenumbers at 730, 665 and 525 em'l were the characteristic peaks for a non-
symmetrical antimonate rutile structure [Grasselli et al 1990],[Nyqiust et al 1971]. 
Other bands detected at 550,480,470 em'l were attributed to Sb20 4 by [Bowker et al 
1996] and [Gadsden et al 1975]. The shoulder at 740 cm'] was attributed to 
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5.1.3 Nitrogen BET analysis at 77 K 
Figure 5.3 shows the adsorption isotherm of iron antimony oxide catalyst 
(SblFe= 1.5, calcined at 900°C). The plot shows that the sample has a type IV 
adsorption isotherm because of the hysteresis loop and a plateau between 
(0.1 <P/Po<0.8). This type of isotherm is found only on mesoporous materials such as 













Figure 5.3: Nitrogen adsorption Isotherm for FeSb04 [SblFe= 1.5] at 77K 
~ 
1.00 
Three methods were used to estimate the surface area of the sample. The BJH method 
[Micromeritics ASPAP 2000] gave a value of 7.8 m2/g. The t-plot method estimated a 
surface area of 6.4 m2/g while the BET gave 6.8m2/g. Schnobel et al [1997] reported 
that the maximum BET surface area is obtained when SblFe= I: I and decreases when 
the content of Sb20 4 increases or decreases. Figure 5.4 shows the differential pore 
volume distribution plotted against the pore diameter. The curve shows the maximum at 
dpore =400A signifying that the sample is mesoporous (20 A <dpore< 500 A). Table 5.3 
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Figure 5.4 Pore distribution distribution of FeSb04 (SbfFe= 1.5: 1) 
Table 5.3 Micropore summary report: Area, volume and pore size 
I 
Method of Surface area Pore volume I Pore size 
Analysis M2/g cm3/g A 
BET 6.8 197 
Single point 6.4 0.034 
BJH (adsorption) 7.8 0.041 209.1 
BJH(desorption) 
I 
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5.2 Propene partial oxidation 
5.2.1 Mass balance and Repeatability 
In order to analyse and understand the effects of periodic operation imposed on the 
catalyst, it was essential to run steady-state experiments and thereafter carryout periodic 
cycling experiments. Figure 5.5 shows that a mass balance closure of 98.15±O.7S% was 
attained for the steady state experiment. The accuracy of the experimental values were 
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Figure 5.5: Mass balance (%C) plotted against time on stream for partial oxidation 
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Figure 5.6 Repeatability analysis: Run A+, Run B.; Tr=375°C; WHSV=1.2 h{l. 
Figure 5.6 shows the repeatability of the results. The error associated with the mass 
flow controllers [propene: 12.3±0.3mllmin (STP); He: 84.0±0.lmllmin (STP); O2: 
19.9±0.6mllmin (STP) and thermocouples (T r=377.±1.°C)] was calculated. The error 
bars were plotted by assigning an error of 4% which is the sum of the errors obtained 
from the mass flow controller (3%) and the temperature controller (0.87%). The 
fluctuations observed in figure 5.6 may be due to non-uniformity of temperature in the 
reactor. Now since partial oxidation reactions are very sensitive to changes in 
temperature, the conversion may change significantly as the reaction rate is related to 
the temperature exponentially. During the experiments a temperature rise of 5°C was 
observed when propene was introduced. Magagula at al. (1997] reported temperature 
differences as high as lOoe. 
The ampoule technique can also contribute to the observed fluctuations. During sealing 
with the flame, combustion due to hydrocarbons can occur and gas condensation if the 
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5.2.2 STEADY -STA TE EXPERIMENT 
5.2.2.(i) Yield 
The yield of the products was evaluated using the formulae presented in section 4.7.5 
and plotted against time on stream. Figure 5.7 shows the time on stream behaviour of 
acrolein, CO2 and CO. Initially the yield of COx was higher than that of acrolein. With 
increasing time on stream both yields decreased, COx decreasing faster than acrolein. 
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Figure 5.7: Yield plotted against time on stream for partial oxidation of propene to 
acrolein, <) CO2 0 and COL1 Tr=375°C; WHSV=1.2 h(l. 
5.2.2.(ii) Selectivity 
The selectivity towards, acrolein and total oxidation products was plotted as a function 
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high at short times on stream and declines slowly until 40% at steady state. Low initial 
selectivity to acrolein is attained but this increases to a 55% steady-state value with 
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Figure 5.8: Selectivity plotted against time on stream for partial oxidation of propene 
to acrolein<> C02 D and CO f::. T r=375°C; WHSV= 1.2 h{I, 
5.2.3 Unsteady-state experiment 
5.2.3.(i) Introduction 
The effect of periodic switching was investigated on propene partial oxidation over iron 
antimony oxide catalyst (Sb/Fe= 1.5: 1). The time when the pneumatic valve was opened 
was defined as zero. Figure 5.9 shows an input propene step function used in the 
experiment. Occasionally in the data that follows, data points are missing due to poorly 
evacuated ampoules, which could not be analysed. High frequency sampling made it 
impossible to take two samples because of the short difference of time between one data 
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.A~ OZ/He C3/0Z/He OZ/He C3/0Z/He OZ/He C3/0Z/He 
Ox Red Ox Red Ox Red 
... ,.. 
Time (min) 
Ox = Oxidation phase Red = Reduction phase 
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Figure 5.10 Yield of Acrolein for the first oxidation cycle compared with the initial 
Acrolein yield for the steady-state experiment: 5minll. , lOminO, 
20minO, 30min X :Tr=375°C;WHSV=1.2 h{1 
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Figure 5.11 Time averaged acrolein yield for the first oxidation cycle compared with 
the initial Acrolein yield of the steady-state experiment 
Figure 5.10 shows that all runs show deactivation in the first 20 min. There is no trend 










CHAPTER 5 - RESULTS 77 
these responses should have been the same as each represents the first cycle of a freshly 
oxidised catalyst. The time average yield shown in figure 5.11 shows that there is no 
trend with the run number as the experiments were carried out in the following order: 
steady state, 30 min, 10 min, 20 min and 5 min cycling. The discrepancy of the results 
may be due to not carrying out the experiments on consecutive days as that introduces 
delays between the runs (i.e. oxidation) and thus leading to different states of the 
catal yst. It is also possible that the catalyst undergoes a permanent change and that high 
oxidation temperatures are needed to fully regain its initial activity. It is also possible 
that small conversions that have been attained have led to inaccuracies. 
5.2.3.(iii) 5min oxidation time 
Figure 5.12 shows that the catalyst has a high initial yield, which declines with time on 
stream. On the second cycle the high initial yield was not observed due to short re-
oxidation times. The third cycle does not differ much from the second cycle and is 
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Figure 5.12 Yield plotted against time on stream for partial oxidation of propene to 
Acrolein <> , CO2 0 ,CO 6. ; T r=375°C; WHSV= 1.2 h(l; 
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Figure 5.13: Selectivity plotted against time on stream for partial oxidation of propene 
to Acrolein 0 COzO and CO Ll: Tr=375°C;WHSV=1.2 h(l; 
5min oxidation; 20min reaction: 
Figure 5.13 depicts that for the first cycle the initial selectivity towards acrolein is less 
than that of carbon dioxide but improves with time on stream to 48% C. The selectivity 
to carbon monoxide is observed to decline drastically in a short time to a value 5%. On 
the second and third cycle carbon monoxide selectivity was observed not to change with 
switching instead the reaction cycles were similar, while selectivity towards acrolein 
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Figure 5.14: Yield plotted against time on stream for partial oxidation of propene to 
AcroleinO CO2 and COi1 : Tr=375°C; WHSV=1.2 hr'l. 
10min oxidation; 20min reaction. 
Figure 5.14 shows that on the first cycle the yield of acrolein and that of carbon dioxide 
are approximately similar. But the yield of acrolein declines with time on stream to a 
value c.a. 2.1 C% while that of carbon dioxide attains a value 1.3C%. The second cycle 
shows slight improvement in initial yield of acrolein as compared to the 2nd cycle in 
5min re-oxidation. This effect is lost during the 3rd cycle, which approach steady state 
performance. 
Figure 5.15 shows that the initial selectivity to acrolein and carbon dioxide are similar 
in the first cycle but improves with time on stream to 60%, while carbon dioxide 
attained a value c.a. 35% after 20 min time on stream. During cycles 2 and 3, 
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Figure 5.15: Selectivity plotted against time on stream for partial oxidation of propene 
to Acrolein 0 CO2 0 and CO I::>. Tr=375°C; WHSV=1.2 h(l. 
10 min oxidation; 20 min reaction. 
5.2.3. (v) 20 min re-oxidation 
Figure 5.16 shows similar trend for the first cycle as the previous runs. However cycle 2 
shows a similar high initial yield of CO2 and acrolein in contrast to the previous runs at 
5 min and 10 min re-oxidation. The CO yield on the first cycle did not show any high 
initial yield as in the previous runs. However by the third cycle cycling was not able to 
provide high initial selectivity observed in the second cycle. The yield of COx is higher 
than acrolein at short time on stream. On all the cycles the COx yield decreases faster 
than that of acrolein to achieve a final yield of 1.5%C for COx and 2 C% for acrolein. 
Selectivity as previously observed is higher for COx than for acrolein at short time on 
stream, but decreases to 40%C. The acrolein selectivity increases with time on stream to 
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Figure 5.16: Yield plotted against time on stream for partial oxidation of propene to 
AcroleinO CO2 0 and COLl Tr=375°C;WHSV=I.2 h(l. 
20min oxidation; 20min reaction. 
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Figure 5.17 Selectivity plotted against time on stream for partial oxidation of propene 
to acroleinO CO2 0 and co6 Tr=375°C;WHSV=0.02; 
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S.2.3.(vi) Time averaged acrolein yield 
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The time averaged value for acrolein yield were evaluated for each cycle and compared 
to the time averaged steady-state acrolein yield evaluated by sectioning the graph into 
20 min intervals corresponding to the sampling time used in the cycling experiments. 
The selectivity calculation depends on the yield of all the products. The time averaged 
selectivity plots were not plotted due to unreasonable selectivity trends observed in 
figures 5.8, 5.13 and 5.15. It was then necessary to show the effect of cycling time by 
using the yield of acrolein. The analysis was feasible since the yield of acrolein was 
calculated based on the data obtained from the G.C using an internal standard. The 
yields of carbon dioxide and carbon monoxide were calculated from the data obtained 
from NDIR CO/C02 analyser were unreasonable. This instrument is sensitive to water, 
it is believed that the water trap (magnesium perchlorate) was not sufficient enough in 
removing all the water, thus leading to a signal interference. 
Long dead times existing In the CO/C02 are also believed be responsible for the 
abnormal responses in COx since it had to be properly purged and ran until steady state 
before carrying out other analysis. All the above are possible errors associated with the 
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5.3 Simulation 
5.3.1 Introduction 
The cyclic behaviour of propene oxidation was simulated using the kinetic model 
proposed in section [3.1.1]. The reaction conditions are given in appendix 3B and 
reaction parameters are given in Table 5.4. The number of active sites were obtained by 
assuming that 2 lattice 0 per unit cell on the plane were exposed. Assuming that all the 
surface area measured by BET was the exposed 110 plane, the active site concentration 
was 7.2 kgcat/mol 0 per exposed layer. The simulation was carried out in the following 
way. Initially the fraction oxidation sites was 0.2 and reduced sites 0.8. The system was 
then pre-treated in O2 for 1 hour in order to fully oxidise the catalyst. After 1 hour the 
propene was fed through the reactor; no adjustment on the residence time was made to 
account for the effect of adding/removing propene, as this flow was only 10% of the 
total flow. The reactor was also treated as isothermal based on the external heat 
transport calculations in appendix 3. 
Table 5.4 Rate constants used in the simulation 
Rate constants I value Units 
I 
kl 0.1 mJlkg.s 
k2 I 
0.4 mol/kg.s 
k3 0.5 mol/kg.s 
0.3 mol/kg.s 
ks 0.6 mollkg.s 
k6 0.1 mol/kg.s 
k7 0.00001 m3/kg.s 
The aim of these results was to qualitatively predict the trend in the experimental data 
without having to resort to complex parameter estimation. Additionally, without time 
dependent analysis of all products (including H20), it is not possible to estimate all the 
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possible. As it is qualitative, the time scales of experiment and simulated data are of no 
consequence, but rather the time dependent trends are what need to be considered. 
5.3.2 Steady state simulation 
Figure S.20 shows the response of all the gaseous species and oxidation sites. The COx 
yield has a much greater maximum than acrolein, as observed in the experimental data. 
The same effect was observed in the other gaseous species, which cannot be measured. 
Figure S.20(f) shows that 30 min is sufficient time to achieve complete oxidation of all 
active sites. Thus the 60min pre-treatment is sufficient to produce a fully oxidised 
catalyst. 
The oxidation of propene causes the lattice oxygen site concentration to decrease. These 
sites are either occupied by adsorbed propene or water molecules or are in the reduced 
state [vacant]. From Figure 5.21 it can be seen that the dominant surface species during 
reaction appear to be OH, oxidised and reduced sites, the concentration of acrolein in 
the surface is minimal. The fact that OH concentration is high on the surface reflects the 
choice of rate constants. The results also show that only C3HS and C3HsO sites are 
responsible for the formation of acrolein and COx' From the proposed mechanism it is 
noted that the reaction order with respect to C3HS for the COx formation is much higher 
than acrolein formation. Thus low concentration of C3HS favour the formation of 
acrolein as observed. This also explains the trend, that acrolein has a much lower initial 
yield than COx' 
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Figure 5.20 The response curves for the reactants (a) and (b) the products (c), (d), (e) 
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Figure 5.21 The behaviour of the surface species with time on stream. 
The fraction of surface sites from figures 5.21 (a),(b),(c),(d) and 5.20(f) were added and 
were found to be unity verifying that the surface consistency imposed in equation 3.30 
is obeyed. 
5.3.3 Cyclic simulation 
Figure 5.22 shows the cycling behaviour of acrolein yield when oxidation time was 
varied from 5 min to 30 min and the reaction cycle was kept constant at 20 min. Short 
cycle times of 5 min were not sufficient to re-oxidise the catalyst, thereafter the initial 
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was increased; the initial yield of acrolein increased. At 30 min re-oxidation time, the 
catalyst achieved its initial activity after reaction. 
It is also clear that the cyclic behaviour of the species in the periodic environment has 
been described by using the proposed single site mechanism. Figure 5.23 shows that 
COx undergoes the same trend as acrolein. Figure 5.24 shows that the oxidation sites 
are not completely regenerated by short cycling times and that at least 30 min is 
required to achieve 99% oxidation sites. Thus the decrease in the initial yield can be 
attributed to the decrease in the number of oxidation sites available for reaction. It is 
also important to notice that in all cases the 2nd and 3rd cycle are identical (i.e. cyclic 
steady states). Thus the slow deactivation of the active sites observed in cycle number in 
the experimental data is not reproduced by this model. 
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Figure 5.22 Transient simulation results for the acrolein concentration (a) Smin 
oxidation (b) IOmin oxidation (c) 20 min oxidation Cd) 30 min oxidation. 
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Figure 5.23 Transient simulation results for the COx concentration (a) 5min 
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Figure 5.24 The effect of cycling time (tc) on the behaviour of the lattice oxygen: 
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6 DISCUSSION 
6.1 FeSb04 characterisation 
The formation of FeSbz06 bulk phase was not observed in the diffractogram of Figure 
5.1. It has been suggested by Brystrom et al [1941] that excess Sb leads to the formation 
of FeSbz06 bulk phase. The suggestion was ruled, out since the characteristic angle at 
28=21 D was not observed. The non-existence of this peak favours the existence of 
FeSb04,a single rutile structure. This was also in agreement with Carbucicchio et al 
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X-ray diffraction for Iron antimony oxide catalyst (SblPe=I: 1.5) 
[Schnobel et al. 1997] 
Figure 5.1 shows the existence of intense peaks of Fe203 which were not visible in the 
diffractogram of the catalyst prepared by Schnobel et al [1997] which was calcined at 
900DC for 7hours with SblPe=I.5: 1 as shown if figure 6. I. The existence of these peaks 
implies that the catalyst has excess iron oxide, which is known to favour the formation 
of total oxidation products [Schnobel et al. 1997]. Figure 5.1 shows that the catalyst has 
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The infrared spectroscopy spectrum shown in figure 6.2 shows the existence of the 
Sb (V):;::O groups which were believed to be responsible for activating propene 
[Carbucicchio et al 1985]. Although not well resolved due to low transmittance, a small 
peak at 850 cm- l was observed and was attributed to the existence of Sb (V):;::O group as 













Figure 6.2 The Infrared spectrum of FeSb04 
The "BET surface area obtained for the catalyst was 6.8m2/g compared to 20m2/g 
obtained by Schnobel et al [1997] for the same catalyst having SblFe= 1.5 and calcined 
at 800°C as shown in Table 6.1. That was attributed to sintering of the catalyst at high 
temperatures as suggested by Allen et al [1996] and was later confirmed by Schnobel et 
al [1997]. The small surface areas of Sb20 4 and Fe304 are believed to contribute to the 
low surface area of FeSb04 [Schnobel et al 1997]. The difference in the surface areas of 










CHAPTER 6 - DISCUSSION 93 
Table 6.1 
Literature [Schnobel et al. 1997] This work 
Compound Surface area Surface area Calcination 
(m2/g) (m2/g) Temperature (0C) 
Sb20 4 0.5 - 800 
Fe304 2.5 - 800 
FeSb04(Sb/Fe= 1: 1.5) 20 6.8 800 
6.2 Steady-state experiment 
The experimental results contradicted those obtained by Magagula et al [1999] and van 
Steen et al [1997] for an iron antimony oxide catalyst. They found that the iron 
antimony oxide catalyst was initially highly selective to acrolein. In this work the initial 
selectivity to COx was higher than that of acrolein. This was observed by Magagula et al 
[1999] for bismuth molybdate catalyst. The product sampling in this work was carried 
out at times greater than 1 min as oppose to sampling times of less than 1 min as carried 
out by Schnobel et al [1997] and Magagula et al [1999]. Thus the comparison of the 
data from this work to that of Schnobel et al [1997] and Magagula et al [1999] was not 
feasible. 
The differences between the experimental results obtained and those reported in the 
literature may be attributed to the quality of the catalyst, reaction condition, the initial 
pretreatment of the catalyst, WHSV, calcination temperature and the antimony to iron 
ratio. These parameters have a significant effect on the response of the reactor system. 
6.2.1 The effect of the quality of the catalyst 
The quality of the catalyst used was compared on the basis of an X-ray diffraction 
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many phases with F20 3 having high intensity, while the X-ray diffractogram in figure 
6.1 shows the non existence of Fe203, known to favour the formation of total oxidation 
products. The diffractogram in Figure 5.1 also shows that the catalyst is enriched with 
antimony oxide. Allen et al [1991] suggested that excess antimony inhibits the reduction 
of the catalyst and thus increases the probability of the adsorbed propene to react with 
electrophilic oxygen forming total oxidation products. The electrophilic oxygen species 
are formed during the re-oxidation phase and they are used up until the nucleophilic 
oxygen begin to react. Aso et al [1980] reported that as the ratio of SblFe decreases, the 
formation of total oxidation products is favoured and this was later confirmed by 
Schnobel et al [1997]. 
For a highly oxidised catalyst there is high probability of formation of COx gases due to 
the absence of the oxygen vacant sites. Grasselli and Suresh [1976] proposed a model 
for the selective oxidation of propene, which requires an oxygen vacancy adjacent to the 
Sb ion in order to facilitate the formation of an allyl intermediate thought to be 
responsible for selective oxidation i.e. the catalyst must be in a partially reduced state. 
The model was later validated by Allen et al [1996] and Bowker et al (1991] based on 
temperature programmed desorption experiments. 
6.2.2 Reaction conditions and re-oxidation. 
Partial oxidation reaction is very sensitive to changes in temperature. At high 
temperature total oxidation products are favoured more than acrolein. MagaguJa et al 
[1999] carried out partial oxidation of propene at 375°C while Schnobel et al [1997] and 
Aso et al [1980] carried out the reaction at 350°C and 400°C. van Steen et al [1997] 
showed that the rate of re-oxidation increases as the temperature increases. In this work 
the catalyst was re-oxidised at 375°C and is clear from Table 2.4 that re-oxidation is 
slow as compared to rate of reduction. 
6.2.3 WHSV 
Schnobel et al [1997] have shown that the selectivity to acrolein increases as the WHSV 
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was carried out at 345°C, 375°C ad 400°C and it was found that at low WHSV there is 
consecutive formation of total oxidation products from acrolein. In this work the WHSV 
used was 1.2 h(l while Magagula et al [1999] and Schnobel et al [1997] used 2h(l. 
6.2.4 Calcination temperature. 
Schnobel et al [1997] showed that a catalyst calcined at 800°C and having a 
SblFe =1.5 was active for the formation of acrolein and beyond that the catalyst sinters 
and the selectivity to acrolein drops. While the catalyst calcined at 700°C was selective 
to the formation of total oxidation products. In this work the catalyst was calcined at 
900°C and the catalyst was observed to be initially selective to total oxidation product 
formation and selective to partial oxidation products at steady state. Schnobel et al 
[1997] observed that the initial selectivity to total oxidation and acrolein were similar 
for the catalyst calcined at 900°C. 
6.3 Unsteady state experiment 
6.3.1 Effect of oxidation time 
The acrolein yield of the first cycle of all the experiments should have been the same, 
but that was not observed. The average value of time average acrolein yield in Figure 
5.11 'was evaluated to be 2.4±0.4%C. There was no trend with re-oxidation time as 
shown also in figure 5.18 and 5.19, but there was a trend with experimental sequence. 
This deviation could not be attributed to some permanent deactivation occurring due to 
reaction, which was not reversible, by the oxidation step. Figure 6.3 shows the 
normalised average yield of acrolein at different cycles and re-oxidation time. These 
yields were obtained by first evaluating the time averaged yield for each cycle, which is 
the defined as the area underneath the curve divided by the reaction time. The time 
average yields for the steady state curve (Figure 5.7) were then obtained by dividing the 
graph into three sections, each having a reaction time of 20min. 
It can be inferred from Figure 6.3 that cyclic yields exceed the steady state yields that 
would be obtained after long time on stream. Thus cyclic operation is beneficial, 
however, at the expense of using more oxygen. Increasing oxygen in the feed gas of the 
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particular sample. Nevertheless oxygen is already in large excess and increasing it even 
more is not expected to have a significant effect. 
"0 























Steady-state 20min IOlllin 5mill 
Cycling lime (min) 
Normalised time averaged acrolein yield at different cycling times 
Cycle I • Cycle 2 0 Cycle 3 fSJ 
Although the reaction conditions of Magagula et al [1999] were different. similar 
increased yields of acrolein were observed in cyclic experiments in which the oxidation 
time was 30min followed by 20min reaction. In this work the catalyst was oxidiscd for 
30min and reduced for 10mil1 as shown in Figures 6.4 and 6.5. Figure 6.4 shows lhat ror 
the first cycle. the initial yield of acrolein is less than thal or carbon dioxide hut 
increases with time on stream to a steady-state value c.a. 2%. After the re-oxidatioll 
phase the original activity of the catalyst was nearly regained. Figures 6.5 shows t hal I'm 
the first cycle the selectivity of acrolein was initially 20% but improved with time 011 
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..,.------------------------1 -¢- Acrolein 
-o-C02 
~ ___________________________________ ~-fr-CO 
0 
0 
10 20 30 40 50 60 70 80 90 100 
TIme on stream (min) 
Yield plotted against time on stream for partial oxidation of propene to 
acrolein and C02 and CO: T r=375°C; WHSV=0.02; 
30min oxidation phase: 10min reduction phase. 
-<>- Acrolein 
-o-C02 
10 20 30 40 so 60 70 80 90 100 
TIme on stream (min) 
Selectivity plotted against time on stream for partial oxidation of propene 
to acrolein and C02 and CO: T r=375°C; WHSV=0.02; 
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Aso et al [1980] showed that the re-oxidation rate constant was significantly smaller 
than the reduction rate constant for Sb/Fe=1:1 and Sb/Fe=2:1,which implies that longer 
oxidation times and higher temperatures are needed to bring the catalyst back to its high 
oxidation state. 
The extensive reduction of the catalyst in short times was reported by Sala and Trifiro 
[1976J to be associated with difficulty in oxidising Sb3+ and Sb5+. Sb20 s can be easily 
reduced while Sb20 4 re-oxidation is difficult as reported by Sala and Trifiro [1976]. The 
reduction was assumed to occur via reaction 6.1 
6.1 
The rate of oxidation of the catalyst was also reported to be slow by van Steen et al 
[1997J as compared to the rate of reduction using a catalyst with Sb/Fe= 1.5: I at 375°C. 
From Table 2.4 it can be seen that the rate of oxidation increases with an increase in 
temperature suggesting that higher temperatures are required to bring the catalyst to a 
higher oxidation state more rapidly. 
For the steady-state experiment the productivity is yield x time on stream, for the cyclic 
experiments of equal oxidation and reaction cycles the productivity is yield x 112 time 
on stream and the cost of operation is high. If the yield obtained from cyclic 
experiments is not more than the steady state yield, thus it makes no sense to opt for 
cyclic operation. There are, of course other factors to consider such as ease of separation 
and selectivity. If in the cyclic experiment the selectivity exceeds 99% no separation 
would be needed. This is not the case here, so it looks like the commercial value of 
cyclic experiment is very poor. However, they represent a useful tool to analyse 
kinetics, provided that all products can be analysed under transient conditions. Hence 
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6.3.2 Reaction simulation 
The simulation results show that the proposed single site mechanism was adequate to 
simulate the trends observed during the steady state and periodic propene partial 
oxidation to acrolein and COx. The simulation results also provide the qualitative 
information about the dynamics of the surface species as the catalyst is exposed in 
periodic reaction environment, as these cannot be measured. In order to simulate the 
observed trends correctly, adjustments to the number of active sites was necessary. The 
experimental curves have a relatively slow deactivation over time Le. many residence 
times to reach steady state. Such data may be attributed to a number of factors viz. the 
oxidation-reduction steps are slow, there is a slow adsorption or capacity in the system, 
or a slow side reaction which is eliminating active sites irreversibly (i.e. propene 
adsorption). 
Considering the reduction step to be slow, it was found that steady state was still 
achieved in about 1 residence time and the only influence this had was to reduce the 
yield. Due to low surface area of this catalyst no large adsorption capacity was expected 
and hence this could not be the cause of the slow approach to steady state. Recalling 
that multiple layers are responsible for reduction by reaction as shown in figure 6.7 and 
if the lattice diffusion could be lumped in the rate constant, a way to increase oxidation 
capacity would be simply to increase the number of active sites. In figure 6.7 (a) the 
catalyst has limited amounts of oxygen available, hence the catalyst is rapidly reduced 
resulting in the formation of vacancies. In figure 6.7(b) the oxygen capacity is high, 
because the oxygen in the deeper layers of the catalyst diffuse through to the surface 
monolayer filling the vacant sites created by propene reduction. 
Figure 6.6 shows that when the number of active sites (n represents the number of 
equivalent monolayers) are increased the system approaches steady state over many 
residence times as observed experimentally. This means that at large n there is not 
sufficient O2 in the gas stream to rapidly oxidise the surface. Although n= 100 or 200 
may seem rather unrealistically large numbers of monolayers, these data do support the 
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Figure 6.7 Dependency of degree of reduction of the catalyst on the number of 
oxygen monolayers. 
Notice that the oxidation reaction proceeds via a semi-batch mode in which the catalyst 
takes up O2 as if adsorption were taking place, and thus oxidation is linked to the 
number of active sites. The slow reaction of propene eliminating active sites was not 
investigated as the previous mechanism worked. Furthermore this concept would 
require the introduction of additional reaction steps for both reduction and oxidation. 
More than likely both propene deactivation and multiple oxidation layers occur, 
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Table 6.2 Number of lattice oxide ion layers involved in the partial oxidation of 
propene to acrolein and carbon dioxide. 
Catalyst Temperature(OC) No of oxygen layers References: 
SblFe=2: 1 450 5 11 Haber et al [1991] 
SblFe=4: 1 450 6-7* Haber et al [1991] 
SblFe=4.1 350 1.5* Keulks et al [1986] 
SblFe=4.1 400 3.2* Keu lks et al [1986] 
SblFe=4.1 450 4.6* Keulks et al [1986] 
BilMo=2:3 430 75* Haber et al [1991] 
Bi/Mo=2:6 430 286* Haber et al [1991] 
# the formation of acrolein. 
* the formation of both acrolein and total oxidation. 
Table 6.2 shows that for FeSb04 the number of monolayers active in the reaction are 
between 2 and 7. Considerably less than the 100 proposed here. These results are also 
supported by Moroka et al [1981], Allen et al [1996] and Fattore et al [1975b]. 
However, for BiMoOx catalyst, 100 to 300 layers have been reported to be active in the 
oxidation reaction (Table 6.1). Thus it appears that this FeSb04 catalyst behaves 
similarly to the BiMoOx catalyst. The observed trends, in the COx and propene yield 
also follow the similar time dependent behaviour. 
These results seem to suggest that in the FeSb04 prepared in this work a large number 
of monolayers participate in the reaction and that the reactive oxygen is relatively 
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7 CONCLUSION 
The transient experiments revealed that the yield of acrolein could be improved by 
operating the reactor in a periodic mode. The cycling time was observed to be a crucial 
parameter in these experiments. Longer cycling times were needed to oxidise the 
catalyst back to its initial oxidation state, while shorter cycling time were not sufficient 
to replenish the lost sites instead the characteristics of steady state behaviour were 
observed. 
The proposed single site mechanism along with the assumption of a CSTR gave results, 
which qualitatively described the trends and the behaviour of the products, reactants and 
the surface species of the catalyst. The simulation results showed that the partial 
oxidation of propene occurs not on the few mono layers of an oxide ion as reported by 
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mass of Fe2(N03h 
mol of Fe2(N03h 
APPENDIX 1 
Catalyst preparation and gas flow calculations 
Preparation of Iron Antimony Oxide (SblFe=1.5:1) 
=20g 
mol of Fel mol of Fe2(N03h 
= 0.03714 mol 
=211 
then mol of Fe 
also 
therefore 
= 0.03714 mol 
SblFe = 1: 1.5 
mol Sb =0.0557 mol. 




mol Sb20 4 = 0.02785 mol 
mass of Sb20 4 = 8.121 g is required to prepare SblFe = 1.5: 1 
Sample calculations of gas flow rates from the WHSV. 
106 
The WHSV of 0.02gpropene/gcat.and a catalyst was of 19 were used in the experiment, 
thus obtaining the amount of propene and hence the flowrate of the gases: 
Mass propene 
Mr of propene 
Mols of propene 
Volume of propene 
Volume of 02 
Volume of Helium 
= O.02g 
= 42g/mol 
= 4.76xlO-4 mols/min 
== nRT/P 
= (4.76xlO-4 x8.314x298)110 1325 
=1.19xlO-5m3/min 
=12mllmin (NTP). 
= 1.6x 12mllmin 
==19.2mIlmin (NTP). 














Mass balance calculations 
Determination of conversions, yields selectivity and carbon 
balances 
2(a).1 Conversion calculation 
107 
The area obtained in the gas chromatogram is an indication of the amount of acrolein in 
the sample. The amount of carbon dioxide coming out of the reaction was analysed 




Now in terms of the peak areas: 
1- noC) (reactor) / noCI (methane) 
noC)(bypass)/ noCI (methane) 
1 
AreaCI noCI 3 
hence the conversion of propene was evaluated using the equation below: 
(AreaC% 
. AreaC) Converswn = 1- I reaclOr 
(AreaC3 / I AreaC
I 
)bypass 
2(a).2 Yield calculation for acrolein, carbon dioxide and carbon monoxide 
Y' ld _ molsAcrolein,out 




( A rea acrolein) b\,!'a.H 














_ molsC02 , out 
CO? -
- mois Propene, in 
PV 
n(molsCOz) = -RT 
Yeo] X PV 
Y 
_ n(methane) X RT 
C02 -
( Area acrolein) bypass 
A rea methae . 
The analysis is the sample for carbon monoxide, in the place of CO2 put CO. 





Sacrolein = Y Y Y 
acrolein + CO2 + CO 
2(a).4 Overall mass balance: 
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Appendix 2(b) Sample calculation of yields, selectivity, conversion and carbon 
balance. 
Reaction temperature: 375°C. 
Catalyst: Iron antimonate (SblFe=1.5: 1) 
\ 
Figure 2(b) Typical gas chromatogram. 
Compound Retention Reactor Bypass 
Time(min) Area Area 
• 
Methane 3.3 2350622 • 2394144 
Propene 3.8 2762422 3060958 
I 
Acrolein 5.21 87956 -
I 
The areas are for t= 40min time on stream. 
Data for CO/C02 analyser: CO2 = 0.8 volume% and CO =0.06 yolume% 
Flow rate of methane = 29mllmin 
Total flowrate less methane = 116mllmin 
Total flow rate with methane = 145mllmin 













Yield of Acrolein 
Yield of CO2 
Yield of CO 
3060958 





Yieldacm'ein = 2762422 
2350622 
=2.92% 












Selectivity of Acrolein: 
S acrolein = __ ----'I:=u:rc.::.:01e.!:!.ill __ 











APPENDIX 2 III 
s _ 2.92 
acrolein - 2.92+3.13+0.2 
=46% 
For C02 annd CO was calculated to be 49 and 4% respectively 
Total carbon balance: 
%C (1- 0.819+ 0.029 + 0.0314+ 0.004) x 100 
=98.3% 
The standard deviation and the mean of the flows were calculated from EXCEL using 
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APPENDIX 3 Heat and mass transfer limitations. 
Appendix 3(b) External and Internal heat and mass transport limitation 
The effective diffusivity of propene in the catalyst was estimated using equation (1): 
(1) 
The average diffusivity of propene in the pores of the catalyst was estimated using 
equation (2): 
1 1 1 
--=-+ 




where rpore is the pore radius. 
The final value of Davg, voidage and totorsity value estimated by using the parallel pore 
model stating that l' = 11 Ji = 2.5. 
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Sherwood number: (6) 
The mass transfer coefficient kc was determined by the correlation recommended by 
Kakteijn et al [1993] 
Sh -0.51 
JD = 1/3 = 1.66Re p RepSc 
(7) 
The Chilton-Colburn analogy of the form shown in equation (8) was used so to estimate 
the heat transfer coefficient, h, because of the low Reynolds number. 
(8) 
(9) 
The robs(reaction rate observed) was evaluated from the experimental data 












Appendix 3(a). 1 External mass transfer limitations 
Table3(a).1.1 shows the criteria, which needs to be satisfied for negligible 
transport effects in steady-state kinetic research. 
i Transport process Expression Criteria 
Extraparticle mass transport 
Ca= rObs <0.05 
kga'Cb 
• Intrapartic1e mass trasport 2 _ t;JbS L2 (n + 1) 
i < 0.1 Wheeler-Weisz criterion TJi/Pin - 2xD. C 
eff s i 
Extraparticle heat transport kg (-tJi)Ch E 
1<0.05 x_a xCa 
hI;, RT 
. Intrapartic1e heat transport 'g(-tJi)C, E 2 I . X_a XTJ qJ 
hT RT in in < 0.05 
s s 
Table 3(a).1.2 shows the criteria, which needs to be satisfied for negligible 
transport effects in transient kinetic research. 
Transport process 
ExtraJintraparticle mass 
transport ( Bi ~ 20)* 
Expression 









after which the reactant concentration on the surface of a catalyst ,Cs , reaches a 
predetermined fraction of the steady state concentration. This time depends on the 
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(11 ) 
Using equation (11) above the Carberry number was found to be Ca =: 2.59 xlO-5 less 
than the imposed steady-state criteria of Ca<0.05 [Moulijn et al 1991] and [Kapteijn et 
al 1997. ]This value was then used to find 'tex , the time taken for the bulk concentration 
to reach 95% of the surface concentration after a step input of the feed. It was found to 
be 'tex == 3ms from figure 3.(a).3. 
Appendix 3(a). 2 Internal mass transfer limitations. 
Dekker et al [1995] define the time: 
(12) 
after which the average reactant concentration in the pores reaches a predetermined 
fraction of the steady-state concentration. 'tin depending on the mass Biot number , 
Wheeler -Weisz modulus Tlcp2 and the reaction order. In our case the Biot number was 
calculated to be, Bim=:2.54x10
2 giving a value of Tl(j)2 =0.07 from Figure 3.(a).2 . Hence 
then using the graph in figure 3.(a).3 the value of 'tin was obtained, and was found to be 
higher than the stated criterion in table 3A.2. 
Appendix 3(a).3 Heat transfer limitations. 
The values of activation energy were extracted from the values obtained by Schnobel et 
aJ [1997] and van Steen et al [1997]: Ea =55 kJ/mol .The value of the enthalpy of 
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According to Dekker et al [1995], heat transfer effects in the transient (concentration 
steps) are neglected, if the following criteria in equations (13) and (14) are satisfied: 
[:~ ]x /3,Ca < 0.05 External (13) 
[:~ Jx /3, x1] x rp' < O.llnternal (14 ) 
are satisfied (Moulijn et.al 1991 :Kapteijn et.al .. 1997) with [:~ ) = 10.51 and for the 
maximum values of the external and internal Prater numbers ~e = 1.39 X 103 
and ~i' = 0.0024. 
(:~ ]x /3,Ca = 0.37 > 0.05 
Indicates that external heat transports are occurring. 
[:~ ]x /3, x1] x '1" < 0.00043 < 0.1, 
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Figure 3.(a).3 Dimensionless time, "ex needed to reach a certain dimensionless surface 
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Appendix 3(b) Data for the evaluation of mass and Heat transport limitation 
Table 3(b ).1 Data for evaluating heat and mass transfer limitations 




Molarmass mix. 12.92 
Property Value Units 
T 643.15 K 
P 1 atm 
Av Cpmix 1.09E+01 llmol.K 
Viscosity mix 3. 15587E-05 kg/m.s 
Thermal condo Mix 0.003163676 
DC3H6-mixture 6.33514E-05 m1.ls 
Density.mixture 0.244880556 kg/mj 
Molmass mixture 1.29E-02 kg/mol 
Totalflowrate mixture 1.9475E-06 mJ/s 
Dtube(m) 0.004 m I 
L(tube) 0.36 m 
dp(m) 2.70E-04 m 
Ok 2.97E-05 m-/s 
a 0.00000004 m 
! Tortosity 2.5 
Davg 2.01973E-05 mLls 
voidage 0.4 
Heat of reaction -1924000 llmol 
Activation energy 95000 llmol 
Activation energy 55000 llmol 
R(gas constant) 8.13 J/mol.K 
molOn) 7.45E-06 mmllmin 
mo!(out) 6.67E-06 mmllmin 
mass cat 1 g 
Rate 0.783333333 mol/mJ.s 
P(head) 40000 Pa 
Cb 1.70498502 mollm5 
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Table 3(b).1(Cont.) Data for evaluating heat and mass transfer limitations 
Property Value Units 
Deff 3.23e-06 m-/s 
Pr 1.08e-01 
Sc I 2.03e+00 
Area 1.26e-OS m-




kc l.S2e-0 1 mls 
h i S.S8e-01 J/(m2.s.K) 














Uu 2.32e+00--1 s 
DC3H6-mixture 6.34e-OS mlls 
Dk 2.97e-OS mLls 
Avg Cpmix 1.0ge+0 1 J/mol.K 
Viscosity of the 3.16e-05 Kg/m.s 
mixture 
Thermal cond.of 1.0ge+Ol J/s.m.K 
mixture 
Density 2.45e-Ol kg/mJ 
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Appendix 3(c) Thermodynamic properties for the reaction compounds. 
Table 3(c).1 Thennodynamic data 
Compound He 02 C3= C30= CO2 CO H2O I 
Molwt 4 31.999 42.081 56.064 44.0[ 28.01 18.015 
Tfp a -218.8 -185.3 -87.2 -56.6 205.1 0 
Tbp -269 -183 -47.8 52.8 -78.5 191.5 100 
Te 5.2 154 365 506 304.2 132.9 647.3 
Pc 2.3 50.5 46.2 5l.7 73.8 35 220.5 
Ve i 0.057 0.073 0.181 a 0.094 0.093 0.056 
Lden 123 1149 612 839 777 803 998 
Tden -269 183 -50 20 20 i 192 20 
Hvap 92 6824 18422 28345 17166 6046 40683 
Visa 0 85.68 273.84 388.17 578.08 94.06 658.25 
Visb 0 51.5 131.63 217.14 18S.24 48.9 283.16 
Delhf 0 0 20.43 -70.92 -393.77 110.62 ·242 
Delgf 0 0 62.7 -6S.19 -394.65 137.37 228.77 I 
Cpa 0 28.106 3.71 11.97 19.795 30.869 32.243 : 
Cpb 0 -3.68x 10.6 . 2.35xlO·01 2.1 Ix 10.01 7.34xlO·02 1.29x 1 0.02 1. 92x 10.03 ! 
Cpe 0 1.75xlO,05 -1.16xlO-4 -1.07x 1 0.04 i -S.60xl0·05 2.79x 1 0.05 1.06x10 5 I 
i Cpd 0 -I,07xlO·8 2.20x 1 0.08 1.91xl0·o8 l.72xlO·o8 l.27xlO·o8 -3.90xI0·9 i 
Anta 12.25 15.075 15.9087 15.9087 22.58 14.3686 18.3 
Antb 33.73 I 734.55 2606.53 2606.53 3103.39 530.22 3816.44 I 
Ante 1.79 -6.45 -26.15 -45.15 i -0.16 13.15 -46.13 
Tmn -269 I -210 -113 -38 -119 -210 II 
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APPENDIX 4 Data for steady-state and unsteady~state experiment. 
Appendix 4.(a).1 Steady-state propene partial oxidation experiment 
Area I Area 
. Methane Propene 
BP1 12574544 3201781 
BP2 2654144 3321958 
BP3 2391878 3001621 
Average 2540189 3175120 
BP denotes bypass data and this notation is used throughout. 
I 
Time I Area Area Area I "loCO: '1.,CO I 
Area 
(min) I Methane Propene Acrolein CO2 
1 296896 321600 14372 1.45 0.85 17220 
2 ! 317549 361171 14501 1 0.25 12702 
4.15 174668 203092 7370 0.7 0.06 4890.7 
5.5 446759 524341 18160 0,6 0. 10722 
6,5 255396 304621 10268 0,55 0. 5618.7 
8.35 1569995 1787107 53603 0.5 0.04 31400 
10,5 1805858 2172870 61611 0,5 0,06 36117 
20.35 I 2545912 2997461 79369 0.45 0.04 45826 
30,3 212881812510862 62005 0.45 0.04 38319 
43 1781049 1507 49078 0.45 0.04 32059 
52 1990636 2342406 56309 i 0.35 0.04 i 27869 
61 • 1935825 12267325 53650i045 0.04 34845 
83 I 2021223 2366824 52398 0.45 0.04 36382 




Yield Yield I Selectivity ! Selectivity Selectivity 
CO2 CO I Acrolein CO2 I CO 
13,343 3.873 4.64 2.95 33.80 40.49 25.71 
9,010 3.653 3,20 0,91 4706 41,22 11.72 
6,981 ! 3,376 2.24 0.22 57.81 38,36 3.82 






















1--_4-::, 5-,:-8=-1 --1--::-3-=, 2.."..16---t_1---c.7 6 !----::0;:-.2:-;3;--1---;:6-;-1 -;:.7-;-9_t---::3:-;:3-::, 8;-;1_+-----=-4-;:.4-=0_+--::1 0:-;:0-::.5:-::4--j 
8,937 2,731 1ffo.15 6101 35,74 3.25 I 95,63 
1---::3-::,7~4-;-1_~2::-,7~2~9-+--;-1.~6 -::0-::.2:-:::3~_-=579,-=8~5_1---::3-=5-::0-=8_t--~5.-=0~7 __ 
5,811 2.494 1.44 0,15 61.06! 35.25 3.69  
5,643 2.330 1.44 0.15 59.43 36,72 3.85 98.28 
6,504 2,204 1.44 0,15 58,10 37,95 3,94 97.29 
5.863 
--;-:;=-___ ----:=-=-::c:::--.; 
2.263 1,12 0,15 6404 31,7 4,26 97.67 
6,300 
---=--=,--,-__1-c-=-,,---! 
2,217 ! 1.44 0,15 58.24 37,82 3.94 97.51 i 
6.321 
----::-=----1-:::=-O---! 
2,074 1.44 0,15 56,61 39.30 409 97,34 
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Appendix 4.(a).2 Steady-state propene partial oxidation experiment: Repeatability 
I Area Area I Methane Propene 
IBP1 2499544 3211781 ! 
IBP2 2394144 3060958J 
IBP3 2641878 3371621 
!Average 2511855 32147871 
Time(min) Area Area Area ''IoC02 ''loCO Area Area I 
Methane Propene Acrolein CO~ CO I 
1 2203970 2417320 154034 1.45 0,75 127830 72520 
2 ~ 2177338 2505272 131229 1,3 0.25 113222 25053 i 
5 ! 2154554 2527825 132732 1 0,06 86182 6067 i 
20 2264632 2672838 94640 0,95 I 0,06 86056 6415 
30 2522846 3026752 97014 0,8 0,06 i 80731 7264 
40 i 2350622 • 2762422 87956 0,8 0,06 75220 6630 i 
52 2660974 3166150 97230 0,75 0,04 79829 5066 i 
61 i 2621325 2995470 92645 0,7 0,04 73397 4793 
82,1 • 2698122 3197728 96159 0.6 0,04 64755 5116 
103,2 2765734 i 3257480 94923 0,65 0,04 71909 5212 
i 123 2941008 3422592 101153 0,65 0,04 76466 5476 
Yield Yield Yield Selectivity Selectivity Selectivity 
Conversion I o/.,C 
Acrolein CO2 CO Acrolein CO2 CO ! 
5.46 4,5313 2,5706 0.43 0,36 I 0,20 14,31 I 98,25 
4,71 4,0625 0,8989 0,49 0,42 0.09 10.11 99.56 
4,81 3.1250 0.2200 0,59 0.38 0.03 8.34 99.82 
3,26 2.9688 0.2213 0.51 0,46 0.03 7.79 98.66 i 
i 3,00 2,5000 0,2250 0,52 0,44 0.04 
i 6.27 99.46 i 
2.92 2.5000 0.2203 0.52 0,44 0,04 8,19 97,46 I 
2.85 2.3438 0.1487 0.53 0,44 0.03 7.04 98.30 
2.76 2.1875 0.1428 0.54 0.43 0.03 10.72 94,37 
2.78 1,8750 0.1481 0,58 0,39 0,03 7.41 I 97.40 
2,68 20313 i 01472 0,55 0.42 0.03 7.98 96.88 
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Appendix 4.(b).1 5min cycling time on propene partial oxidation. 
I. Area Area • 
Methane Propene i 
i BP1 2199861 2751854 
!BP2 12411061 3001254 
Average 2305461 2876554 
Time(min) 
Area Area Area 
'y.,CO: %CO 
Area Area 
Methane Propene Acrolein CO! CO 
1.3 2275168 24992 6537 1.7 0.85 154711 84973 
2 2134326 . 2505222 69038 1 0.7 85373 70146 
4 2081081 2468925 58736 0.9 0.6 74919 59254 i 
6 i 2195459 2600632 57241 0.8 0.06 70255 6242 
8.1 2321296 2756986 58666 0.6 0.05 "v, , 'I 5514 
10 2525150 3059762 61758 0.5 0.05 50503 61201 
12.3 2761350 3300253 64359 0.5 0.045 55227 5940 
17 3110861 3884504 71605 0.4 0.045 49774 6992 
18.1 2689264 3231846 60516 0.4 0.045 43028 58171 
20 2875246 3484101 65317 0.4 0.045 46004 6271 
21 




3872085 4617939 106313 0.65 0.065 100674 12007 
28 3714626 4437962 94227 0.6 . 0.065 89151· 11539 
30 2982037 3550301 72032 0.6 0.06 71569 85211 
33 1313726 1566388 30027 0.55 0.06 28902 3759 
35.12 • 3009446 3650538 70638 0.5 0.06 60189 8761. 
37 2961845 3603766 66769 0.5 0.06 59237 86491. 
39.01 2829552 3476488 61350 0.5 0.055 56591 7648 
41 2854562 3463034 62048 0.5 57091 6926. 
42.5 2719294 3294134 57703 0.5 0.04 54386 5271 




49 I I 
50 
51 
52 2569328 3042850 60204 06 004 61664 4869 
54 2151293 i 2600200 47392 06 0.04 I 51631 4160 
55.5 2195077 • 2620376 45033 05 0.04 43902 4193 
60 2613178 3164206 56926 0.5 0.04 52264 5063 
621 2464797 . 2957766 55563 05 0.04 49296 4732 
6508 2493141 3021126 53765 0.5 0.04 49863 4834 
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Appendix 4.(b).1(Cont) 5min cycling time on propene partial oxidation. 
Yield I, Yield Yield . • Selectivitv Selectivity Selectivity 
'YoC I . 1 CO: CO Conversion I A I'· CO! CO I Aero em 1 cro em 
~ 2.69 5.44 2,99 12.12 19.41 39,23 21,55 2.59 3.20 2.63 6.10 28.66 35.44 29,12 
1 2.26 I 2.88 2.28 5.09 28.09 35,83 28.34 94.9 I 
2.09 2.56 0,23 5.24 39,01 47,87 425 94,8 
2.02 I 1.92 0.19 4.98 50.17 47,64 4,72 95.0 
1,96 1.60 0,19 3.06 57.65 47.14 5.71 96,9 I 
1,86 1,60 0.17 4,39 n29 • 47.45 5,10 95.6 
1,84 1.28 0,18 I 0,10 21 46,72 6,56 99,9 
I 1,80 1,28 0,17 3.86 65B7~6.B3 6,33 96,1 
1,82 1.28 0,17 306 66.46 6,81 6.38 96,9 
1 
2.20 2.08 0.25 I 4,59 49,83 47.19 5,63 95.4 
2.03 1.92 I 0.25 4.42 49.63 46.96 6.08 95.6 
I 1.93 1.92 0.23 4.76 47,50 47.19 5.62 95.2 
1.83 1.76 0.23 4.61 48.77 46.95 6,11 95.4 
1.88 1.60 0.23 2.96 54.70 46.61 6.78 97.0 ! 
1.80 1.60 0.23 2.66 52.52 46.60 6.80 97,3 
I 1.73 1,60 0.22 1.71 50.77 46.84 6.33 98.3 
1.74 1.60 0.19 2.95 51.23 47.14 5.72 97,1 
1,70 1,60 0.16 3.09 50.60 47.69 4.62 96.9 
1.82 1,60 0.16 1.94 54.30 47,66 4.67 98,1 
! 
I I ! 
. 
I 
1.87 1.92 0,15 5.26 46.96 48.10 3.80 94,7 
1.76 1,92 0,15 
• 
3.31 44.12 48.06 3.87 96,7 I 
1.64 1,60 0.15 4.50 48.95 1 47.72 4,56 95,5 
1,74 1.60 I 0.15 3.13 51.94 47,69 4.62 96,9 
1.80 1.60 0.15 4.00 53.78 47,71 4.58 96.0 , 
173 i 1,60 016 306 51.42 47,69 462 : 969 
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Appendix 4.(b).2 IOmin cycling time on propene partial oxidation. 
Area :Area 
Methane Propene 
BP1 4742378 6025629 
BP2 5052378 6410962 
Average 4897378 6218296 
iTime Area Area Area 'Y..COz %CO 
Area IArea 
(min) Methane propene Acrolein CO2 iCO 
1 4224794 4872845 196662 1.2 0.85 202790 2E+05 
6.02 4734579 5810637 166525 1 0.25 189383 58106 
8.05 4131784 5034544 133678 0.7 0.06 i 115690 12083 
I 10.05 4285434 5439837 139588 I 0.65 0.06 111421 13056 
: 12.11 4787146 5894714 143869 0.6 0.06 114892 14147 
. 14.12 4582805 i 5603805 136400 0.5 0.06 91656 13449 
i 16.35 4363542 5285869 122544 0.4 0.06 69817 12686 
18.2 4762864 • 5808250 134709 . 0.4 0.06 76206 13940 i 
20 4762864 5808250 134709 0.4 0.045 76206 10455 




34.28 : 5242493 i 6347363 157359 0.7 0.04 146790 10156 
36.2 • 3872085 4617939 106313 0.65 0.04 100674 7389 
. 38.01 3714626 4437962 94227 0.6 0.04 89151 7101 
i 44 3382037 4050301 72032 0.6 0.04 81169 6480 
46 3138754 3768144 72025 0.55 0.04 69053 6029 
48 3363442 4049854 79190 0.5 0.04 67269 6480 





• 61.35 4220237 5102419 129705 0.6 0.04 101286 8164 
68.16 4666205 5754867 124327 0.55 0.04 102657 ! 9208 
71 4263446 5280544 112381 : 0.5 0.04 85269 8449 
75 4223733 5165130=1=I12462 0.5 0.04 84475 8264 
78 4442934 5501274 ! 116117 0.5 004 88859 8802 
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Appendix 4.(b).2(Cont.) lOmin cycling time on propene partial oxidation. 
I Yield Yield I Yield Conv...,'on I S.',,"v'ty Selectivity I Selectivity 'YoC 
. Acrolein CO2 I CO Acrolein CO! CO 
3.67 3.78 3.088 9.1 34.80 35.88 29.32 101.4 
2.77 3.15 0.966 3.36 40.22 45.74 14.03 103.5 
2.55 2.20 0.230 4.06 51.13 44.25 4.62 100.9 i 
2.56 2.05 0.240 0.05 52.86 42.19 4.94 104.8 
2.37 1.89 i 0.233 3.04 52.72 42.10 5.18 101.4 
2.34 1.57 0.231 3.72 56.48 37.95 5.57 100.4 
• 
221 1.26 0.229 4.62 59.76 34.05 I 6.19 99.1 
I 2.23 1.26 0.230 3.98 59.91 33.89 6.20 99.7 
2.23 1.26 ! 0.173 I 3.98 60.85 34.42 4.72 99.7 
I 
2.36 2.20 0.153 4.67 50.07 46.70 3.23 100.1 
2.16 2.05 0.150 6.09 49.59 46.96 I 3.45 98.3 
2.00 1.89 0.151 5.93 49.47 46.80 3.73 98.1 
1.68 1.89 0.151 5.70 45.11 50.83 4.06 98.0 
1.81 173 i 0.151 5.47 48.96 i 46.94 4.10 98.2 I 
1.85 1.57 . 0.152 5.19 51.78 43.98 4.24 98.4 
1.82 1.57 0.154 3.93 51.22 44.44 4.34 99.6 
I 
I 
2.42 1.89 0.152 4.80 54.23 42.35 3.41 99.7 
2.10 1.73 i 0.155 2.89 52.64 43.46 3.90 101.1 
2.08 1 57 0.156 I 2.48 54.53 41.37 4.10 101.3 
2.10 1.57 0.154 3.71 54.81 41.17 I 4.03 100.1 
206 1.57 0.156 2.50 54.32 41.57 4.12 101.3 
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Appendix 4.(b).3 20min cycling time on propene partial oxidation. 
1 Area 'Area i 
Methane 1 Propene I 
IBP1 28123781 3530629 j 
BP2 31213781 3931629, 
IAverage 29668781 3731129 
I Time Area I Area Area 'y..C01 %CO I Arell Area 
1 (min) Methane , Propene Acrolein 1 CO! CO 
1 2313654 2449870 90774 3 0.2 277638 19599 
2.09 2422654 2773205 87597 1.5 0.1 145359 11093 
4 2381174 2771672 73945 1.2 0.09 114296 9978 
8.03 2244146 2609250 62618 1.1 0.09 98742 9393 
! 12.11 2500325 2959008 72027 0.6 0.09 60008 10652 
I 1602 2110779 2475712 62593 0.6 0.06 50659 5942 
1 
18.14 1848357 2173878 45389 0.4 0.06 29574 5217 
18.2 4762864 5808250 124709 0.4 0.06 76206 13940 
201 1716577 2042913 40142 0.4 0.06 27465 4903 
22 i 
I 24 
1 26 I 
28 
30 I 1 
34.28 1 
36.2 I 
38.01 I 1 
41.2 2025053 2256957 69182 2.1 0.1 170104 9028 
42.2 1831975 2111261 55884 1.6 0.09 117246 7601 
44.07 2252606 2622837 61688 1.2 0.08 108125 8393 
46.15 2144658 2539290 55779 1 0.07 85786 7110 1 
50.18 2347634 i 2772846 57002 ! 0.75 0.06 70429 6655 
52.1 2345032 2806254 55331 0.7 0.06 =c: 65661 6735 
56 2433366 2904533 58099 0.4 0.09 i 38934 10456 
60 2375550 2870264 51151 0.55 0.06 52262 6889 












81 1925060 2306957 60182 0.6 0.04 46201 3691 
82.3 1901975 1 2223661 56884 0.55 0.04 41843 3558' 
86.1 2352606 2822937 61688 05 
1 0.04 = 47052 4517 
88 2244658 2710290 55779 0.5 0.04 . 44893 4336 
90.4 2199634 2672846 1 57002 0.5 004 43993 4277 
94 2405032 2890254 55331 0.5 004 481011 4624 
981 2333455 2804634 58099 0.5 0.04 ! 46669 4487 
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Appendix 4.(b).3(Cont.) 20min cycling time on propene partial oxidation. 
Yield Yield Yield Selectivity I Selectivity Selectivity! Conversion I %C I 
Acrolein COl CO Acrolein. COe CO I 
3.11 9.52 0.67 23.39 71.55 5.05 15.96 ! 97.35 
2.87 4.76 0.36 35.89 59.56 4.55 ! 9.15 .98.84 
2A6 3.81 0.33 37.30 57.66 5.03 7.62 98.99 
2.21 3.49 0.33 36.67 57.83 5.50 7.72 • 98.32 
229 1.90 0.34 50.48 42.06 747 6.08 98A5. 
2.35 1.90 0.22 52.51 42.50 498 6.91 97.57 . 
1.95 1.27 0.22 56.61 36.88 6.51 6.66 96.79 
2.08 1.27 0.23 5804 35.47 6.49 3.22 100.36 ! 





2.71 6.67 0.35 27.86 68.50 3.64 11.55 98.19 
2.42 ¥aR 0.33 30.92 64.87 4.21 8.54 9929 2.17 0.30 34. 60.67 4.71 7.59 98.69 
206 3.17 0.26 37.52 57.70 4.78 603 99.47 
1.93 2.38 0.22 42.51 52.53 4.96 626 98.27 
1.87 222 i 0.23 43.32 51.41 5. 5.03 99.30 
1.89 127 0.34 54.05 +16.22 I 9.73 5.27 98.24 • 






2A8 1.90 I 0.15 54.67 4197 3.35 4.89 99.65 I 
2.37 1 75 0.15 55.61 40.91 3.48 721 9706 
2.08 1.59 0.15 54.47 41.54 3.99 4.77 9905 • 
1.97 1.59 0.15 53.12 42.75 4.13 4. AI7 9954 ! 
206 1.59 015 54.15 41.79 4.06 356 10024' 
1.83 1.59 015 51.21 4451 . 4.28 I 4.62 98.94 ! 
1.98 1.59 0.15 53 18 
~ 
4.11 4.61 99.11 I 
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Appendix 4.(b).4 30min cycling time on propene partial oxidation. 
Area Area 
Methane Propene 
BP1 1923544 2451781 
BP2 1454144 1821958 
BP3 1841878 2411621 
Average 1739855. 2228453 
Time Area Area Area i: 'Y..CO! %CO 
I Area Area 
(min) Methane Propene Acrolein CO! CO 
1.05 589822 644247 20741 2 0.85 47186 21904 
2 570179 650559 23139 1.5 0.25 34211 6506 
6.04 1252961 1461056 37938 1.2 0.06 60142 3507 
8.35 1136363 1326830 33677 1 0.05 45455 2654 




41 1724199 1981705 i 57242 1.5 0.5 103452 39634 
42 1083125 1239980 34626 1.2 0.4 51990 19840 
44 1183125 1339981 35627 1 0.35 47325 18760 
46 1550911 1906200 43734 0.7 0.3 43426 22874 
48 566386 611711 16996 0.6 0.1 13593 2447 




82.1 i 949105 1133670 29789 i 1 0.1 37964 4535 
84.02 554161 i 674072 17234 0.8 0.1 17733 2696! 
! 86.8 553024 663592 17435 0.7 0.09 15485 2389i 
86 562124 682582 18035 0.6 0.09 13491 2457 
88 557024 682592 16435 0.5 I 0.09 11140 2457 
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Appendix 4.(b)A(Cont.) 30min cycling time on propene partial oxidation. 
Yield Yield Yield Selectivity Selectivity Selectivity 
Conversion 'Y../C 
Acrolein CO~ CO Acrolein CO~ CO 
2.75 6.25 2.90 23.09 52.53 24.38 14.67 97.2 
3.17 4.69 0.89 36.24 53.58 10.19 10.86 97.9 
2.37 3.75 0.22 37.35 59.20 3.45 8.90 97.4 
2.32 3.13 0.18 41.18 55.58 3.24 878 96.8 
2.09 1.56 0.15 5504 4107 3.90 7.31 96.5 
2.59 4.69 1.80 28.57 5164 19.78 1021 98.9 
2.50 3.75 1.43 32.53 48.84 18.64 10.56 97.1 
2.35 3.13 1.24 35.03 46.53 18.44 11.52 95.2 
2.20 2.19 1.15 39.75 39.47 20.79 3.98 101.6 
2.34 1.88 0.34 51.45 41.15 7.41 15.62 88.9 
2.24 1.72 0.33 52.20 40.11 7.69 8.41 95.9 
I 
2.45 3.13 0.37 41.21 52.52 6.27 6.68 99.3 
2.43 2.50 0.38 45.76 47.08 7.16 4.97 100.3 
2.46 2.19 0.34 49.38 43.86 6.77 6.26 98.7 
2.51 1.88 0.34 53.07 39.70 7.23 5.13 99.6 
2.31 1.56 0.34 54.72 37.09 8.18 4.26 99.9 











APPENDIX S Reactor simulation. 





























k7=0.OO 1 *a; 
void=O.4; 
% I1monolayer 
% Volume of the reactor. 
% Total flowrate m3/min. 
%vxxl =V catIV cstr. 
%vxx2= kgcaJmol of sites 
%residence time 
%parameter for increasing or decreasing the 
% dynamics of the reaction. 
%assume that CO2 is the main product. 
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Appendix 5A.l(Cont) The Matlab tile (M-file) for solving 10 ditIerential equations. 
%Multistep input of propene 
wI 























% Rate expressions for the single site mechanism 





r6=k6 *\'.:(:2 )'\0.5 *w( 1 O)-k 7* w( 6): 
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Appendix 5A.l(Cont) The Matlab file (M-file) for solving 10 differential equations 
wd(l) =(wl-w(l»/(void*tau)-vxx1 *rl: 
wd(2) =(w2-w(2»/(void*tau)-vxx 1 *r6; 
wd(3) =(w3-w(3»/(void*tau)+vxxl *r3; 
wd( 4) =(w4-w(4»/(void*tau)+O.5*vxx I *r4; 
wd(5) =(wS-w(5»/(void*tau)+vxxl *3*rS: 
% Surface species differential equations 
wd( 6) =vxx2*( -2*rl-r2-r3+ 1I2*r4-(3 *ratio+5)*r5+r6); 
wd(7) =vxx2*(rl-r2-r5): 
wd(8) =vxx2*(r2-r3); 
wd(9) =vxx2*(rl +r3+5*rS-r4); 





















Appendix SA.2 The Matlab running file Ode23s for stiff differential equations 
global t % globalising the time: M file and running file 
to=O ; %Initial time. 
tf=10000; %Final time. 
wO=[0;0.32:0:0:0;0.2:0;0:0:0.8:0]: %initial conditions for differential eqn. solver. 
[t,w]=ode23s('pend',tO,t[wO); %Ode23s solver routine. 
figure %Ploting the tigures. 
subplot(2,2,1 ),plot(t. w(:, 1», 
xlabelCt'),ylabelCpropene'),grid, 
subplot(2,2,2),plot( t, w( :,2», 
xlabel('t'),ylabel('02'),grid, 
subplot(2,2,3 ),plot(t, w(:,3), 
xlabelCt'), y labelC Aero Ie in'),grid, 
subplot(2,2,4 ),plot(t, w(:,4», 
xlabe lCt'), y labelC Water'),grid, 
figure 
subpl.ot(2,2, 1 ),piot(t, w( :,5», 
xlabeICt'),ylabeICCOx'),grid, 
sUbplot(2,2,2),plot( t, w( :.6», 
xl abe lCt'),y labe 1(' Os') ,gri d, 
subplot(2,2,3 ),p[ot(t, w(:, 7», 
xlabelCt'),y labelCC 3 H5'),grid, 
subplot(2,2,4 ),plot(t, w( :,8», 
xlabeICt'),y label('C3 H50'),grid, 
figure 
subp[ot(2,2, 1 ),p[ot(tw(:.9», 
x[abe[Ct'),ylabelC'OH'),grid, 
subplot(2,2,2),plot(t. \v(:, I 0», 
xlabeICt'),ylabe ICV acancy'),grid, 
figure 
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Appendix5(b ).1 5min cycling time simulation graphs 
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Appendix5(b).1(Cont.) 5min cycling time simulation graphs 
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Appendix 5(b ).2 lOmin cycling time simulation graphs 
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Appendix 5(b).2 (Cont.) lOmin cycling time simulation graphs 
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Appendix 5(b).3 (Conti.) 20min cycling time simulation graphs 
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Appendix 5(b).4 30min cycling time simulation graphs 
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Appendix 5(b).4(Conti.) 30min cycling time simulation graphs 
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Appendix 5(c).1 10min cycling time simulation graphs n= 1 00. 
n denotes the number of monolayers. 
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Appendix 5(c).1(Cont) 10min cycling time simulation graphs n=200. 
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Appendix 5(c).2 10min cycling time simulation graphs n::: 1. 
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Appendix 5(c).2(Cont) lOmin cycling time simulation graphs n=1. 
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